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Executive Summary
The current program’s aim was to combine new Australian developed step-change
technologies of 3D Digital Rock Technology (DRT) with conventional oil industry Routine
Core Analysis (RCA) and Special Core Analysis (SCAL) on a comprehensive suite of CO2
storage reservoir and seal rock types from the Surat Basin to obtain fast and detailed
analyses of core samples and their properties. DRT presents a paradigm shift in the
geoscience industry’s approach to core analysis and the program has enabled the
acquisition of a comprehensive data set of Surat Basin core material and property data
along with an unprecedented understanding of the physics of CO2-brine systems at the pore
scale. Implications to quantitative understanding of properties at larger scales (whole core
and log scales) have also been considered. This workflow can be used to assess other
potential CO2 storage sites. Achievements of this program include:
1. Development of a comprehensive 3D pore and plug scale analysis data set of
Surat/Evergreen images and static data at pore to sub-plug scales.
2. Development of an interactive catalogue for fast data retrieval, interrogation and 3D
visualization of data via direct online access.
3. Completion of direct, three-dimensional pore-scale experimental imaging of
supercritical CO2 and brine within Surat basin cores during drainage and imbibition at
aquifer conditions, using x-ray microCT. This illustrated that capillary trapping is a
significant mechanism for CO2 storage in the Surat and that CO2:Brine displacement
properties are typical of water wet system and trapped CO2 is likely to be stable over
timescales of decades to centuries.
4. Development of a new geometrically accurate pore-scale model for imbibition and
derived curves for initial/residual saturation, drainage/ imbibition capillary pressure
and relative permeability for different rock types at the plug scale and showed that
DRT results are consistent with measurements on core plugs conducted numerous
conventional labs (e.g., Stanford, Imperial College).
5. Derivation of DRT curves at the laboratory scale enabling the identification of
potential uncertainties associated with laboratory data (impact of wettability, initial
water saturation).
6. Showed that DRT results are acquired in reduced times and at potentially reduced
cost compared to traditional laboratory methods.
7. Showed the importance of rock heterogeneity at all scales and identified the need
for improved whole core image acquisition to provide a quantitative bridge between
plug scale measurements and log responses.
We next outline the highlights of the program and illustrate results associated with each
achievement in summary form.
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Achievements
1. Development of a comprehensive 3D pore and plug scale analysis data set
of Surat/Evergreen images and static data at pore to sub-plug scales.
This was achieved by undertaking both conventional and digital laboratory data analysis on
reservoir and seal material. CTSCo Wandoan Project geologists, petrophysicists and
engineers selected a suite of 44 reservoir and 28 seal plug samples from the West Wandoan
1 well for petrophysical and Special Core analysis (SCAL). The reservoir samples were
analysed via traditional core analysis, undertaken as part of Subproject 1. This included
deriving a full suite of petrophysical (porosity/permeability at overburden and ambient
conditions) and special core analysis (capillary pressure, supercritical CO2:brine relative
permeability) data sets on plugs from Surat Basin reservoir and seal rock samples (Precipice,
Evergreen and Hutton Sandstones).
Subproject 2 included the digital analysis which included the acquisition of high resolution 3D
digital images of the same suite of plug samples, the derivation of digital petrophysical and SCAL
data, and performance of petrographic analyses by automated quantitative mineral mapping.
For digital core analysis, the specimens were first imaged as core plugs 25 mm in diameter
and of length 50 to 100 mm, then higher resolution images were taken of sub-plugs with
diameters of 3 to 12 mm and varying lengths. Scanning Electron Microscope images (SEMs)
and mineralogy maps were acquired at higher resolutions (down to 10s of nanometers) to
enable one to fully describe the pore structure of the sample suite.
Figure 1 shows examples of both image data and property predictions acquired and Figure 2
gives an overview of the analysis undertaken within the program.

Figure 1. Slices acquired from digital 3D images of a single seal rock sample (left) and visualisation of the
database ofimage and multiphase flow data compiled via the digital rock program (right).
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Figure 2: Listing of the core plugs studies in the program along with description of analysis undertaken under
Project 7-0128 and stored in the digital database (DDCA).

Milestone 0.4 Final Project Report

Page 5

2. Development of an interactive catalogue for fast data retrieval,
interrogation and 3D visualization of data via direct online access.
A number of components associated with the successful delivery of a Digital Database for
Core Analysis (DDCA) have been achieved:
The Database: This is currently hosted at NCI, the National Computational Infrastructure,
and is accessed with the following address: https://ddca.anu.edu.au
There is no landing page provided, so only authorised users are able to access any part of
the database. There is scope for ANLEC or other parties to deploy their own version of the
database and host the data on their own server.
The Data: The next critical component of the DDCA deliverable is the content, which centres
around conventional and digital core analysis data from the various sub-projects of ANLEC
0128, as shown in Figure 2 and Figure 3. These diverse data have been uploaded into the
database via various forms, and accompany the large store of tomogram and other image
data that are generated by the digital core analysis workflow that has been applied to the
various samples.
User Guide Development: The DDCA interface is intuitive and because of the hierarchical
nature of the data, straightforward to navigate. To facilitate familiarisation with the
website, a user guide has been prepared. It features a quick-start guide to allow users to
quickly access the search and browsing functionality of the DDCA.
User Workshop: With the DDCA fully functional and considerable amounts of data uploaded,
the database is ready to be demonstrated in a user workshop and a webinar was organised
by ANLEC R&D in November 2015. Further user consultation will yield important insights into
user expectations and areas in which the database can be made more user-friendly and more
functional.
Future: The DDCA today represents a secure database that is able to store and present
diverse data. It will enable the vast amount of data generated in this project to deliver value
to the end-users of the Surat basin flagship project. Now, with the essential framework in
place, the DDCA is at a point where a relatively small additional effort could yield major
improvements in data presentation and the user-friendliness, pending sufficient user
feedback.
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Figure 3. Snapshot of the DDCA showing some of the data typically entered for a sub-plug (Precipice
Sandstone sample P22). Note the presence of calculated data entered as custom data (a plot of formation
factor) as well as descendant data relating to image slices and metadata from the automatically ingested
tomograms.
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3. Conduction of direct, three-dimensional pore-scale imaging of supercritical
CO2 and brine within Surat basin cores during drainage and imbibition at
aquifer conditions, using x-ray microCT. Illustrated that capillary trapping is a
significant mechanism for CO2 storage in the Surat and that CO2:Brine
displacement properties are typical of water wet system.
The importance of capillary trapping – where the CO2 is stranded as pore-space droplets
surrounded by water – as a rapid way to secure safe storage was already identified in the
IPCC Special Report on CO2 Capture and Storage1. To be assured of this possible mechanism
for the Surat program, direct evidence of pore-scale trapping of CO2 in Surat basin core
material is required. In Subproject 3 we imaged trapped super-critical CO2 clusters in over
ten Precipice reservoir sandstone samples (Figure 4 (a,b)). The images were recorded using
computed micro-tomography (μ-CT) at elevated temperature and pressure representative
of reservoir storage conditions. It was shown that the clusters occupy a significant
proportion (20-30%) of the pore space. These results suggest that local capillary trapping is
an effective storage mechanism in the Precipice Sandstone.
Despite the importance of wettability to the viability of geosequestration, there is little data
or conclusive measurements available of wettability related parameters at reservoir
conditions. Wettability of CO2:Brine systems was therefore studied via a combination of
literature review and indirect measurements from coreflood experiments. Image data
showed that brine is the wetting phase under aquifer conditions

Figure 4. Image of a subsample from Precipice Sandstone from 3D microtomography and (b) red regions
identifying the trapped nature of isolated CO2. (c) and (d) show trapped CO2 CO2(dark) areas from core-flood
experiments. The images demonstrate the water wet nature of the system under aquifer conditions.

1

IPCC Special Report on Carbon Dioxide Capture and Storage, Prepared by Working Group III of the
Intergovernmental Panel on Climate Change, Cambridge University Press, Cambridge, United Kingdom/New
York, NY, USA (2005)
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4. Development of a new geometrically accurate pore-scale model for
imbibition and derived curves for drainage/ imbibition capillary pressure and
relative permeability for different rock types at the plug scale. Showed that
DRT results are consistent with measurements on core plugs conducted
numerous conventional labs.
A new, geometrically accurate pore-scale model for imbibition was developed and
incorporated into a DRT workflow: Highlights of the new workflow include:



No fitting parameters are used in comparisons between modelling and experiment.
A comparison between experiment and modelling for Berea Sandstone confirms
theoretical expectations that this model is appropriate (Figure 5). Once flow rate effects
and experimental limitations are taken into account the experiments and simulation are
in good agreement (endpoint saturations are duplicated to within 2-3 saturation units).

Modelling results from Subproject 4 combined with Sub-Projects 1 and 3 yields further
strong evidence that advancing and receding contact angles are less than 40° in the
Precipice Sandstone, for both quartz and clay mineral surfaces. This is based on both the
direct observation of contact angles and fluid configurations in images acquired as part of
Sub-Project 3 (Figure 4 (c,d)) and that models require contact angles <40° to match
experimental data (Figure 5).
Drainage relative permeability (unsteady state) analyses of Precipice Sandstone PU series
plugs were undertaken on a large number of plugs and compared to Berea Sandstone data.
Berea Sandstone samples show quite different behaviour despite similar experimental
conditions and similar pore morphology. Small scale heterogeneity provides the best
explanation for this behaviour. For flow along laminations, the relative permeability and CO2
storage potential of Precipice and Berea Sandstone samples are very similar. As discussed
below, for flow across laminations, CO2 trapping has the potential to be significantly
enhanced by heterogeneity.

Figure 5. (Left) Berea Sandstone initial-residual trapping curves (Sgr denotes residual gas saturation and Sgi
initial gas saturation): pore-network modelling results from this project and comparison with literature. The
data best match experiments with a water-advancing contact angle of between 20 and 40°. (Right) A
comparison of PU series SCAL drainage relative permeability (unsteady state) of Precipice Sandstone PU
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series plugs, compared to Berea. Arrows A, B and C show the expected effect of increasing heterogeneity on
water relative permeability, CO2 relative permeability and end-point saturation respectively.
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5. Derivation of DRT curves at the laboratory scale enable one to directly
investigate potential uncertainties associated with laboratory data (impact of
plug orientation, wettability, initial water saturation, heterogeneity).
Heterogeneity, wettability, initial water saturation and flow direction are major sources of
uncertainty in laboratory-based measurements of relative permeability that can all exert a
large influence on measured residual trapping of CO2 and brine displacement efficiency. DRT
enables one to investigate the impact of these uncertainties directly and understand the
impact on laboratory measurements and ramifications to larger scale property predictions.
For example:









The new DRT model enables realistic exploration of sensitivity to contact angle,
showing that an increase in contact angle from 20° to 40° reduces residual trapping
by approximately 25% (from ~40% to ~30%), while at 60° the trapping capacity is
reduced by half (Figure 5 and Figure 6).
One can investigate the impact of variable initial water saturation—Figure 6
illustrates residual CO2 saturation based on >10 initial water saturation states.
Modelling results show CO2 residual trapping to be significantly enhanced by
heterogeneity and laminations, with residual saturations approaching 60% for
samples showing the most heterogeneity. Trapping is enhanced when the
heterogeneity is in the form of laminations running perpendicular to the flow
direction. In this case, when the capillary pressure is high (early in imbibition), the
CO2 can become disconnected in the finer laminations while still at a very high
saturation in the coarse laminations.
Orientation of the core material leads to variation in the permeability of up to an
order of magnitude and has significant impact on SCAL data. SCAL simulations,
conducted in the vertical direction, shows brine relative permeability values that are
strongly suppressed in Precipice Sandstone relative to Berea Sandstone.
To understand the ramifications for the larger scale it is essential to describe with
some precision two-phase flow in laminations that are perhaps just a few millimetres
high but metres across and it is important to characterise intra-lamination variability.

Figure 6. (Left) High degree of heterogeneity observed in plug sample and (Right) comparison between
trapping observed from imaged core flooding experiments and computed values from image data at
variable contact angle.
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6. Showed that DRT results are acquired in reduced timeframes and at
potentially reduced cost compared to traditional laboratory methods.
A detailed cost breakdown for RCA and SCAL work (provided by Weatherford) and Digital
Core Analysis (DCA, provided by FEI Australia) shows that the overall cost of laboratory SCAL
and DCA is similar (Figure 7). However, the timing is very different, with SCAL having a 12month turnaround time compared to 3-months for DCA, with preliminary DCA results
available within weeks in cases where a rapid turnaround is required. RCA alone is far
cheaper than both SCAL and DCA so if only static properties are of interest, it is not likely to
be worthwhile performing DCA. However, for the geological sequestration of CO2, where
supercritical fluid is injected into a water-filled aquifer, static information alone is of very
limited value.
Most importantly, Digital Rock Technology (DRT) can provide potentially richer information
than just curves derived from SCAL -- it offers an understanding of SCAL data. Aside from the
advantage of rapid turnaround, there are many reasons for complementing laboratory
analysis with DRT. With DRT the major expense lies in creating and segmenting very large,
high quality 3D images. Once the image has been acquired and segmented, the marginal
cost of performing multiphase modelling is very low, enabling the exploration of the impact
of various parameters on properties. The power of this is shown in Figure 5 and Figure 6
where we are able to explore the effect of heterogeneity, orientation, initial water and
contact angle on trapping efficiency. Figure 6 shows data that would require 70 separate
traditional experiments to have been undertaken. Having built a database as has been done
in this project, the planning team have the possibility to explore “what if” scenarios while
undertaking forward modeling and history matching of the reservoir processes.

Figure 7. Comparison of cost for digital and traditional core analysis.
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7. Demonstrated the importance of rock heterogeneity at all scales and the
need for improved whole cores image acquisition to provide a quantitative
bridge between plug scale measurements and log responses.
This current project enabled the testing of a multiscale workflow via access to log
measurement data, whole core scanning of limited sections of the well, the choice of 16
plug samples from these whole core scanned regions and measurement of properties on
sub-plugs within these 16 plugs. This offered a unique opportunity to illustrate the value of
digital core analysis for carbon sequestration assessment and to explore and model the
enormous range of scales encountered in reservoir characterisation studies—spanning from
the pore space (microns) to logs (meters). Results from this work have shown:


DRT results are consistent with laboratory and log data enabling direct investigation
of potential data uncertainty based on integration with whole core, outcrop
descriptions, sedimentary features and log data (e.g., investigate the role of
different lamina -- parallel and cross beds).



The workflow undertaken at discrete pore to whole core and whole core to log
scales has identified remaining gaps in a continuous and integrated workflow. The
major impediments to developing a mature whole core to log scale workflow are
associated with the ability to robustly identify rock types, upscale data from the plug
scale to the whole core and the need for improved direct calibration of the log
response to whole core scale properties. The first step requires accurate
classification, selection and propagation of available 3D data at all scales, the second
can be improved by creating detailed 3D near wellbore models (meter cubed scales)
representing the laminations and other geological features observed at the
centimetre scale.



To utilize the large number of data sets generated in the laboratory, outcrop and
geological data relevant to the Glenhaven project it is necessary to account for
heterogeneity information at all scales in association with appropriate flow
dynamics. Therefore, the scale-transgressive effects of small-scale heterogeneities
in large-scale numerical simulations (static and dynamic model) must be accounted
for through upscaling. Current upscaling techniques do not capture all relevant
scales of heterogeneity and only give reliable results for a limited set of scales and
flow scenarios. The upscaling, by necessity, loses many details that are built into the
Static Model. This can strongly impact the prediction of plume movement. There is a
need to develop workflows that incorporate heterogeneity information from all
relevant scales coupled with the appropriate flow dynamics to offer more realistic
predictions of multiphase flow behaviour.
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A roadmap to develop a multiscale workflow which consistently addresses the impact of
small-scale geological heterogeneity on the static and dynamic rock properties has been
outlined as part of a proposed program (Figure 8).

Figure 8.Illustration of a pore to geocell workflow proposed to help support the Surat CCS project going
forward. The program would focus on incorporating realistic geological structures at multiple scales to offer
greater confidence in static and multiphase flow predictions at the individual geocell scale. The workflow
includes building an integrated geological description and calibrated static and flow property database from
pore to whole core scales on a continuous 100 meters of core from West Wandoan 1 Well, creating a library
of discrete facies-based, single geocell scale models and their associated static reservoir properties and
developing dynamic reservoir solvers that honour the physics of dynamic flow and geological heterogeneity
at scales up to the reservoir grid block scale.
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In the remainder of this report we will outline the results of six parallel sub-projects which
separately reported their major outcomes via a number of milestone reports delivered
across the last 3 years. These projects include:
Sub-Project 1: Derive a full suite of petrophysical (porosity/permeability at overburden and
ambient conditions) and special core analysis (capillary pressure, supercritical CO2:brine
relative permeability) data sets on plugs from Surat Basin reservoir and seal rock samples.
Sub-Project 2: Obtain high resolution 3D digital images of the same plug samples, derive
digital petrophysical and SCAL data, and perform petrographical analyses by automated
quantitative mineral mapping. Build a digital database of conventional and DCA-derived
data, rock types, 3D images, and storage and seal properties of core material from the Surat
Basin.
Sub-Project 3: Perform 3D imaging of in situ supercritical CO2 saturation at the pore scale.
Correlate observed saturation relationships with porosity distributions and rock types.
Sub-Project 4: Derive faster and cheaper model-based analyses of flow, storage and
CO2:brine displacements in different rock types via reliable image-based modelling.
Sub-Project 5: Undertake time series (4D) imaging and conventional experimental studies to
measure the geochemical reactivity and dissolution trapping capacity of core material using
supercritical CO2.
Sub-Project 6: Integrate information obtained at laboratory scale to wireline log data.
Six chapters follow describing the major objectives, methods, results, outcomes and future
directions for the individual subprojects in the context of the overall research program.
We again acknowledge ANLEC R&D for the financial assistance and thank Rick Causebrook,
Kevin Dodds, Luisa Powell and others in ANLEC for their guidance, patience and teamwork in
completing this program. The authors also thank CTSCo and Dr. Rob Heath for contributing
core material, data, technical focus on the goals of the program and technical guidance to
members of the research staff throughout the program.

Milestone 0.4 Final Project Report

Page 15

Table of Contents
Chapter: 1 Derive a full suite of special core analysis (capillary pressure, supercritical
CO2:brine relative permeability) data sets on plugs from Surat Basin reservoir and
seal rock samples ..................................................................................... 26
1.1 Objectives ................................................................................................ 26
1.2 Methods: Experimental and analysis ........................................................ 27
1.2.1 Routine Core Analysis ............................................................................. 30
1.2.1.1 Methodology ................................................................................ 30
1.2.1.2 Porosity measurement ................................................................. 31
1.2.1.3 Permeability measurement.......................................................... 31
1.2.2 Special Core Analysis .............................................................................. 31
1.2.2.1 Experimental Procedures ............................................................. 32
1.2.2.2 Porosity and Permeability Measurements................................... 32
1.2.2.3 Experimental Flooding Equipment ............................................... 33
1.2.2.4 Unsteady-state Relative Permeability.......................................... 34
1.2.2.5 Capillary Pressure and Steady-state Relative Permeability ......... 34
1.3 Results ..................................................................................................... 36
1.3.1 Routine Core Analysis ............................................................................. 36
1.3.2 Special Core Analysis .............................................................................. 40
1.4 Discussion & Outcomes ............................................................................ 44
1.5 References ............................................................................................... 46
Chapter: 2 Obtain high resolution 3D digital images of the same plug samples, derive
digital petrophysical and SCAL data, and perform petrographic analyses by
automated quantitative mineral mapping................................................. 48
2.1 Overview ................................................................................................. 48
2.2 Methods .................................................................................................. 48
2.2.1 Image acquisition by µCT and image reconstruction ............................. 48
2.2.2 Saturated samples and tight rocks workflow ......................................... 50
2.2.3 Image analysis ......................................................................................... 51
2.2.4 Calculation of petrophysical properties ................................................. 52
2.2.5 Database Build ........................................................................................ 53
2.3 Results ..................................................................................................... 54
2.3.1 Image acquisition .................................................................................... 54
2.3.1.1 Micro-CT scoping scans ................................................................ 54
2.3.1.2 Micro-CT imaging of the sub-plugs .............................................. 55
2.3.2 Image analysis and 3D quantification ..................................................... 56
2.3.3 2D image analysis: SEM imaging and mineral mapping by automated
quantified SEM-EDS.................................................................................. 62
2.3.4 Simulation of petrophysical properties .................................................. 66
2.3.5 Pore space analysis ................................................................................. 68
2.3.6 Grain size analysis ................................................................................... 68
Milestone 0.4 Final Project Report

Page 16

2.3.7 The Database .......................................................................................... 70
2.4 Discussion & Outcomes ............................................................................ 72
2.5 References ............................................................................................... 73
Chapter: 3 Perform 3D imaging of in situ supercritical CO2 saturation at the pore
scale. Correlate observed saturation relationships with porosity distributions and
rock types ................................................................................................ 75
3.1 Objectives ................................................................................................ 75
3.2 Methods .................................................................................................. 75
3.2.1 Experimental Details ............................................................................... 75
3.2.1.1 Experimental Equipment.............................................................. 76
3.2.1.2 Experimental Methodology ......................................................... 78
3.2.1.3 Experimental Challenges .............................................................. 80
3.2.2 Image Segmentation and analysis .......................................................... 85
3.2.3 Comparison and correlation of capillary trapping to rock properties; .. 85
3.3 Results and Discussion ............................................................................. 85
3.3.1 Imaging by µCT at the pore scale............................................................ 86
3.3.2 Segmentation of tomograms and quantification in 3D .......................... 88
3.3.3 Comparison and correlation of capillary trapping to rock properties .... 91
3.4 Conclusions .............................................................................................. 96
3.5 References ............................................................................................... 97
Chapter: 4 Derive faster and cheaper model-based analyses of flow, storage and
CO2:brine displacements in different rock types via reliable image-based
modelling. ................................................................................................ 99
4.1 Overview ................................................................................................. 99
4.2 Methods: network modelling of two-phase flow ................................... 101
4.2.1.1 Interfacial tension ...................................................................... 102
4.2.1.2 Contact angle ............................................................................. 102
4.2.1.3 Solubility ..................................................................................... 104
4.2.2 Simulations performed ......................................................................... 104
4.2.3 Comparison of methods: numerical modelling vs SCAL ....................... 105
4.2.3.1 Traditional SCAL ......................................................................... 105
4.2.3.2 Direct pore-scale imaging of core-flooding................................ 107
4.2.3.3 Image-based modelling .............................................................. 108
4.2.3.4 Modelling versus experiment: comparative analysis of time, cost and
benefit ......................................................................................... 109
4.2.3.5 Complementary shortcomings ................................................... 109
4.2.3.6 Sensitivity analyses..................................................................... 110
4.2.3.7 Relating properties to microstructure ....................................... 110
4.3 Results ................................................................................................... 111
4.3.1 CO2:brine wetting states ....................................................................... 111
4.3.2 Berea Sandstone ................................................................................... 112
4.3.3 Results for Precipice Sandstone samples and comparison to experimental
outcomes ................................................................................................ 114
4.3.3.1 Reconciliation with Special Core Analysis (SCAL) (Sub-project 1)114
Milestone 0.4 Final Project Report

Page 17

4.3.3.2 Comparison with microCT core flooding (Sub-Project 3) .......... 119
4.4 Conclusions ............................................................................................ 120
4.5 Outcomes From Sub-Project 4 ................................................................ 121
4.6 References ............................................................................................. 124
Chapter: 5 Undertake time series (4D) imaging and conventional experimental
studies to measure the geochemical reactivity and dissolution trapping capacity
of core material using supercritical CO2................................................... 128
5.1 Overview ............................................................................................... 128
5.2 Methods and results .............................................................................. 128
5.2.1 Optimised workflow ............................................................................. 128
5.2.2 Samples used in the study .................................................................... 130
5.2.3 Scoping Scan imaging in 3D by µCT (steps 1-3) .................................... 130
5.2.4 Imaging of sub-plug in 3D by µCT at the pore-scale before reaction (steps 4-6)
................................................................................................................ 131
5.2.5 Segmentation of ‘before’ tomogram into X-ray distinct components and
quantification in 3D (step 7)................................................................... 133
5.2.6 SEM imaging and mineral mapping by automated quantified SEM-EDS before
reaction (steps 8-10) .............................................................................. 136
5.2.7 Geochemical reactivity studies at University of Queensland (step 11) 139
5.2.7.1 Experimental Details .................................................................. 140
5.2.7.2 Experimental Methodology ....................................................... 141
5.2.8 Imaging of sub-plug in 3D by µCT at the pore-scale after reaction (step 12-13)
................................................................................................................ 143
5.2.9 SEM imaging and mineral mapping by automated quantified SEM-EDS after
reaction (steps 14-16) ............................................................................ 144
5.2.10 Characterisation in 3D of changes due to CO2:brine rock interactions (steps
17-18) ..................................................................................................... 146
5.3 Conclusions ............................................................................................ 149
5.4 Outcomes .............................................................................................. 150
5.5 References ............................................................................................. 153
Chapter: 6 Integrate information obtained at laboratory scale to wireline log data
.............................................................................................................. 155
6.1 Overview ............................................................................................... 155
6.2 Methods and Results .............................................................................. 157
6.2.1 Upscaling properties from pore to whole core scales .......................... 157
6.2.2 Integration of core and log data ........................................................... 162
6.2.3 Mapping Permeability in Low resolution micro-CT images: A multi-scale
statistical approach ............................................................................... 165
6.3 Discussion and outcomes ....................................................................... 167
6.4 Suggested Future Directions ................................................................... 168
6.5 References ............................................................................................. 171

Milestone 0.4 Final Project Report

Page 18

List of Figures
Figure 1- 1. Experimental setup for CO2-brine tests. ..........................................................................................33
Figure 1-2. Weatherford Laboratory data of Porosity v Depth for the 25 plugs of Evergreen
Formation and 42 plugs of Precipice Sandstone. The orange dashed line indicates the top of
the Precipice Sandstone. ....................................................................................................................................38
Figure 1-3. Weatherford Laboratory data of Ambient permeability to air v Depth for the 42 plugs
of Precipice Sandstone. .......................................................................................................................................39
Figure 1-4. Porosity v ambient permeability to air for the Evergreen Formation and Precipice
Sandstone (Weatherford Laboratory data). ...............................................................................................40
Figure 1-5. Plug P11 from top left in a clock-wise direction: relative permeability functions,
capillary pressure, experimental data v history match quality in terms of pore volumes
produced and pressure drop. ...........................................................................................................................41
Figure 1-6. Effect of injection rate on the endpoint relative permeabilities and residual water
saturation. ...............................................................................................................................................................43
Figure 2-1. Example of an X-ray micro-CT system used to acquire 3D tomograms used in this and
other sub-projects (left), and photo of the external protective enclosure (right) .......................49
Figure 2-2. Example of an application of the tight rock workflow; from left to right, subset of an asreceived state image, saturated image, difference image, and finally porosity map. The
almost identical intermediate grey value in the first image is actually representing two
materials, one with porosity and one without. In the difference image we isolate the part of
the signal that is related exclusively to the porosity, thus the ability of generating an accurate
3D porosity map. ...................................................................................................................................................50
Figure 2-3. Vertical plane tomogram images from 3D scoping scan of plug E4, E12, E32, P3 and
P11. The orange rectangle indicates the area from which the sub-plug was extracted .............55
Figure 2-4. Vertical plane images from high resolution 3D µCT tomograms of sub-plugs from
samples E4, E12, E32a, P3 and P11 ................................................................................................................56
Figure 2-5. Images of E4, E12, E32a, P3 and P11 from (a) native-state tomogram, b) saturated-state
tomogram, c) map of connected porosity with darkening shades of grey associated with
increasing porosity, and d) mineral segmentation. All samples but P11 went through the tight
rock workflow. .......................................................................................................................................................59
Figure 2-6. Plot of volume fractions of X-ray distinct phases that were segmented from pore scale
3D tomograms of the sub-plugs from the Evergreen Formation ........................................................59
Figure 2-7. Plot of volume fractions of X-ray distinct phases that were segmented from pore scale
3D tomograms of the sub-plugs from the Precipice Sandstone. ..........................................................60
Figure 2-8. Vertical sub-resolution and resolved porosity profile across the analysed interval of
Evergreen Formation and Precipice Sandstone. .......................................................................................61
Figure 2-9. High resolution SEM images of left) pore-filling kaolinite in sample P11 and right)
kaolinite and muscovite in sample P14 (FOV = 150µm wide). ............................................................62

Milestone 0.4 Final Project Report

Page 19

Figure 2-10. Registered images of samples E4, E12, E32a, P3 and P11 from (a) native-state
tomogram, (b) porosity map, (c) SEM, (d) QEMSCAN (see for QEMSCAN legend). ........................64
Figure 2-11. Comparative mineral assays of Evergreen Formation samples from QEMSCAN
analysis. ....................................................................................................................................................................64
Figure 2-12. Average mineral composition and specific breakdown for phyllosilicates as observed
by QEMSCAN analysis on all anlyzed samples from the Evergreen Formation.............................65
Figure 2-13. Comparative mineral assays of Precipice Sandstone samples with considerable
amounts of pore-filling material from QEMSCAN analysis. ...................................................................65
Figure 2-14. Average mineral composition and specific breakdown for phyllosilicates as observed
by QEMSCAN analysis on all analyzed samples from the Precipice Sandstone .............................66
Figure 2-15. Plots of a) porosity versus permeability and b) porosity versus formation resistivity
factor for samples P3 and P11 .........................................................................................................................67
Figure 2-16. Absolute permeability (horizontal and vertical) plotted against porosity for Precipice
Sandstone ................................................................................................................................................................68
Figure 2-17. Images of sub-plugs of samples P3 and P11 from (a) separation and labelling of
individual grains in segmented high resolution 3D tomograms and (b) plot of volume
weighted grain size distribution. ....................................................................................................................69
Figure 2-18. Box and whisker plot summarizing the grain size distribution observed from the subplug tomograms of Precipice Sandstone. Values reported for each sample are 1st, 2nd
(Median) and 3rd quartile, mode, minimum and maximum values. In addition we reported
statistically represented values as a) three times the voxel size of the image (bottom end)
and b) one tenth of the sub-plug diameter (top end) ..............................................................................70
Figure 2-19. Analyses performed under ANLEC0128 and available under the DDCA. ..........................71
Figure 2-20. Snapshot of the DDCA showing some of the data typically entered for a sub-plug
(Precipice sample P22). Note the presence of calculated data entered as custom data (a plot
of formation factor) as well as descendant data relating to image slices and metadata from
the automatically ingested tomograms ........................................................................................................72
Figure 3-1. Schematic of CO2 hydraulic circuitry. This part is integrated into the hydraulic circuit
for the High Pressure Cell. .................................................................................................................................77
Figure 3-2. Tomogram images of a sample saturated under different condition: (Top) Fully
saturated at an elevated pore pressure and room temperature and (Bottom) After increasing
the temperature to ≈50ᵒC with obvious appearance of air/gas bubbles (black) in the bottom
image. ........................................................................................................................................................................81
Figure 3-3 Radiograph of the failure of sample P14...........................................................................................82
Figure 3-4. Top: a slice from the ‘Brine 2’ image for sample P9 showing the blockage which
occurred. Left: Slice from the ‘Dry’ image and Right: registered slice from the ‘Brine 2’ image
for sample P9, showing the formation of salt in the pore space. ........................................................83
Figure 3-5. A series of radiographs showing the advance of scCO 2 in sample P8. Note: The images
were acquired at 3-minute intervals (left to right, top to bottom), with the exception of the
final image, which was acquired after a delay of 4 hours. .....................................................................84

Milestone 0.4 Final Project Report

Page 20

Figure 3-6. Tomographic slices of the 4D µCT imaging of sample P11; from left to right the "Dry"
image, the initial brine injection "Brine 1" image, the supercritical CO 2 injection "scCO2"
image, and the final brine injection "Brine 2" image...............................................................................87
Figure 3- 7. 3D visualisations of a subset of sample P11 at different saturation states; (a) Dry
image with grains (yellow) and clay (green), (b) the corresponding pore space after water
saturation—brine is blue and a small amount of gas (red) is noted. (c) shows the image after
injection of supercritical CO2 injection “scCO2” image, with scCO2 (red), and (d) the
corresponding pore space from the “Brine 2” image. .............................................................................88
Figure 3- 8. Segmented slices of µCT imaging of sample P11; from left to right the "Dry" image, the
initial brine injection "Brine 1" image, the supercritical CO 2 injection "scCO2" image, and the
final brine injection "Brine 2" image. Note: The solid phase is shown in light grey, while the
clay is shown in dark grey. Any brine is shown as white, while the black phase represents
either air filled open porosity (left two images) or scCO 2 filled pore space (right two images).
It should be noted that it is not possible to distinguish between air and scCO2 filled pore
spaces. .......................................................................................................................................................................89
Figure 3-9. A clay-rich region from the 4D time series imaging of sample P11; "Dry" (Top left),
initial brine injection "Brine 1" (Top right), supercritical CO 2 injection "scCO2" (Bottom left),
and final brine injection "Brine 2" (Bottom right); field of view is 1.3 x 1 mm. ............................91
Figure 3-10. Left: Maximum inscribed cube from the segmentation of P11. Right: The
corresponding pore network model. The cube volume is 3.6 mm 3. ..................................................92
Figure 3-11. Plots of rock properties against the residual scCO 2 saturation: green diamonds
represent successful experiments; red crosses represent experiments with higher residual
scCO2 than initial scCO2 (P12, P14_2 and P29); blue triangles represent samples with a poor
initial saturation (P5, P17); the yellow square represents sample P19 with a very high initial
and residual saturation. .....................................................................................................................................93
Figure 3-12. Left: A plot of the experimental residual and initial scCO 2 saturations with the
symbols described in Figure 3-11; and Right: A plot of Land's relationship between initial and
residual saturation (Pentland, 2010)............................................................................................................94
Figure 3-13. Relative permeability curves for simulated primary drainage (left) and imbibition
(right) shown here for sample P11. ...............................................................................................................95
Figure 4-1 Shaded boxes show which samples were examined under ANLEC Project 0128 SubProjects 1, 2, 3, 4 and 6. The samples marked under Sub-Project 4 (Dynamic Modelling) are
the focus of this report. .................................................................................................................................... 100
Figure 4-2. Representation of a pore network, extracted from sample P11, showing a sphere for
each pore body and a tube for each pore throat in the rock sample. This is from a smaller
subset to allow easier visualisation. ........................................................................................................... 101
Figure 4-3. Berea Sandstone initial-residual trapping curves: pore-network modelling results from
this study, shown in red, blue and purple for 20°, 40° and 60° contact angle, in comparison
with literature. The data from this study best match experiments if a water-advancing
contact angle of between 20 and 40° is assumed. ..................................................................................... 113

Milestone 0.4 Final Project Report

Page 21

Figure 4-4. Drainage relative permeability for Berea Sandstone, showing the results of the porenetwork modelling from this study, the SCAL results from Sub-Project 1, the results of Perrin
et al. (2009) and of Berg et al. (2013). Arrows A and B show the effect of increasing flow rate
on water and CO2 relative permeability respectively. The effect of flow rate on CO 2 relative
permeability (arrow B) is the reverse of the effect for oil:water systems. The literature and
UNSW curves also show how core-flooding does not achieve realistic drainage endpoint
saturations, with the obtained values being strongly rate-dependent; this is due to capillary
pressure limitations. ........................................................................................................................................ 114
Figure 4-5. A comparison of PU series SCAL drainage relative permeability (unsteady state) of
Precipice Sandstone PU series plugs, plotted against Berea Sandstone. Berea Sandstone
shows quite different behaviour despite similar experimental conditions and similar pore
morphology. As we describe below, heterogeneity seems to be a good explanation for this
behaviour. Arrows A, B and C show the expected effect of increasing heterogeneity on water
relative permeability, CO2 relative permeability and end-point saturation respectively.
Amongst the PrecipiceSandstone samples, PU2 has the highest water relative permeability
and PU10 the lowest, suggesting that PU2 may have lower levels of heterogeneity in the 25
mm core plug used for SCAL. ......................................................................................................................... 116
Figure 4-6. Slice images from tomograms of samples PU2 (left) and PU10 (right). The SCAL was
performed on the upper region of both images. The high level of homogeneity and better
sorting of PU2 is apparent, in support of the hypothesis that heterogeneity on the plug scale
is the primary cause of the difference in relative permeability observed in SCAL experiments
and shown in Figure 4-5. ................................................................................................................................. 118
Figure 4-7. Comparison between trapping observed from imaged flooding experiments on
samples P12, P17 and P20 in ANLEC Sub- Project 3 (Saadatfar et al., 2015) with initialresidual trapping curves computed from pore-network modelling on sample P12. The
computed values include horizontal and vertical flow directions (i.e. parallel and
perpendicular to the bedding respectively) for two sub-volumes and for three different
contact angle ranges (20 to 25°, 40 to 45° and 60 to 65°). .................................................................. 119
Figure 5-1. Tomogram images from scoping scans for WC9 at 1) whole core scale (65 mm) and 2)
also of the off-cut after sub-sampling by UQ (25mm). ......................................................................... 131
Figure 5-2. Vertical plane images from high resolution 3D µCT tomograms of sub-plugs before
reaction. Note: a and b are 3mm sub-plugs of Hutton Sandstone WC15a and WC15b, c and d
are 3mm sub-plugs of Evergreen Formation WC3a and WC3b, e and f are 3mm sub-plugs of
Evergreen Formation WC8aand WC8b, g and h are 3mm sub-plugs of Evergreen Formation
WC9a and WC9b, i and j are 6mm diameter sub-plugs of Precipice Sandstone WC11a and
WC11b, and k and l are 8mm diameter sub-plugs of Precipice Sandstone WC14a and WC14b.
.................................................................................................................................................................................. 133
Figure 5-3. Images of Evergreen Formation WC9a from (a) high resolution 3D as-received state
‘before reaction’ tomogram, (b) mineral segmented image, (c) saturated state tomogram, and
(d) map of porosity where darkening shades of grey indicate higher level of porosity. ........ 135

Milestone 0.4 Final Project Report

Page 22

Figure 5-4. Images of Precipice Sandstone samples WC11a and WC14a from (a) high resolution 3D
as-received state ‘before reaction’ tomograms, (b) mineral segmented images. ...................... 136
Figure 5-5. Registered images of WC9a from as-received state tomogram, segmentation, SEM
imaging and QEMSCAN™ mineral analysis before reaction (see Fig. 5-6 for QEMSCAN™
legend). .................................................................................................................................................................. 136
Table 5-4. Comparative mineral assays, as area percentages, of polished sections measured by
QEMSCAN™, of the Hutton Sandstone and Evergreen Formation sub-plugs before reaction.137
Figure 5-6. Comparative mineral assays of investigated polished sections of the pre-reaction subplugs from QEMSCAN™ ..................................................................................................................................... 138
Figure 5-7. Comparative mineral assays of all sub plugs from segmentation of tomograms (3D
volumes), as described in Section 5.2.5 . ................................................................................................... 139
Figure 5-8. Diagram of the interior of the batch reactor vessel. ................................................................. 140
Table 5-5. Summary of effects of batch reactions on plugs of Precipice Sandstone, Evergreen
Formation and Hutton Sandstone, as observed by SEM imaging, SEM-EDS analysis, water
chemistry monitoring and geochemical modelling. ............................................................................. 142
Figure 5-9. Pre and post-reaction registered tomogram images for Evergeen Formation sample
WC9a and b........................................................................................................................................................... 143
Table 5-6. Summary of effects of batch reactions on plugs of Precipice Sandstone, Evergreen
Formation and Hutton Sandstone, as observed by µCT imaging ..................................................... 144
Figure 5-10. Registered images of Evergreen Formation WC9a from (a) pre-reaction tomogram,
(b) post-reaction tomogram, (c) difference tomogram where darker grey indicates loss of
material, d) mosaic of SEM images after reaction, and (e) QEMSCAN™ mineral map after
reaction (See Fig. 5-6 for the legend). ........................................................................................................ 145
Figure 5-11. Comparative mineral assays of investigated polished sections of the pre- (e.g. WC15a)
and post- (e.g. WC15a_r) reaction sub-plugs from QEMSCAN™. ....................................................... 146
Figure 5-12. Difference images from high resolution 3D tomograms of pre- and post reaction
samples of Hutton Sandstone (WC15), Evergreen Formation (WC3, WC8, WC9), and Precipice
Sandstone (WC11 and WC14) after reaction with pure CO2 (sub samples a) and CO2 with SO2
and O2 (sub samples b). Pale grey indicates no change, darker than background indicates loss
of material and lighter than background indicates gain of material .............................................. 148
Figure 6-1. Imaging of core material at various scales ................................................................................... 155
Figure 6-2. Images of 4 of the 16 plugs from Sub-project 6. ......................................................................... 156
Figure 6-3. Length scales and volumes acquired in the upscaling imaging workflow ....................... 158
Figure 6-4. Workflow based on identifying properties at each scale and using small scale data as
input to computed properties at larger scales........................................................................................ 159
Figure 6-5. Example of registration of images acquired at multiple scales on the same volume of
rock from sample PU4. From right to left the sub-plug image, the plug and the whole core
image. ..................................................................................................................................................................... 160
Figure 6-6. Slice from a tomographic image of PU11. (a) shows the plug scale data, in (b) the
colourized regions define the rock typing from seven plugs (including this sample). The
lower left part of the sample in (b) was chosen as a sub-plug and imaged in (c). (d) shows the

Milestone 0.4 Final Project Report

Page 23

rock typing undertaken at the plug scale and used to populate the property maps. The data is
sometimes smaller than an REV and this can lead to high scatter in the predicted data (see
Fig. 6-7). ................................................................................................................................................................. 161
Figure 6-7. Porosity permeability trends for different rock types from image data—colours
correspond to different rock type regions in Fig. 6.6 and each coloured line shows the best fit
through the data points. The black curve shows the poro:perm trend for all data combined.
.................................................................................................................................................................................. 162
Figure 6-8. (i) Raw CMI conductance image data corresponding to whole-core CT1 (depth 1195.29
mRT to 1196.24 mRT); (ii) Averaged CMI conductance overlayed on whole-core CT slice; (iii)
Segmented CMI conductance ......................................................................................................................... 164
Figure 6-9. The simulated permeability from the 5µm/voxel image plotted against the predicted
permeability from the 16µm/voxel image (a) and the 61µm/voxel image (b). Comparing the
predicted permeability for the 8mm sub-plug (c) and the 25mm core plug (d) at different
resolutions. .......................................................................................................................................................... 166
Figure 6-10. Comparison of Whole core image acquired from Wandoan core at 30 micron
resolution to a region acquired via conventional whole core (300 microns in plane and 1mm
vertical resolution). .......................................................................................................................................... 169

List of Tables
Table 1-1 Analyses to be performed by conventional and special core analysis ....................................26
Table 1-2. Descriptions of the 71 samples from West Wandoan-1 well selected for investigation by
digital core analysis .............................................................................................................................................27
Table 1- 3 Basic well information about West Wandoan-1 well. ...................................................................30
Table 1-4. Routine Core Analysis data of the 67 samples from West Wandoan-1 well. ........................36
Table 1- 5. Relative permeability data for Plug P11. ..........................................................................................42
Table 2-1. List of 5 core plugs presented in this summary report ................................................................54
Table 3-1. Summary of µCT imaging, where  indicates that the tomogram is usable and 
indicates that the tomogram is not usable and full analysis indicates that the results were
suited to the entire analytical workflow ......................................................................................................86
Table 3-2. Three phase segmentation results as volume percentage, where resolved porosity
refers to voxels that are entirely filled by pore space. ............................................................................90
Table 3-3. Brine saturation results for the resolved porosity at each experimental step, and the
final residual scCO2 saturation. .......................................................................................................................90
Table 3-4. Pore network statistics ............................................................................................................................92
Table 5-1. Descriptions of seven samples from West Wandoan-1 well selected for investigation of
geochemical reactivity ..................................................................................................................................... 130

Milestone 0.4 Final Project Report

Page 24

Table 5-2. Properties derived from segmentation of before reaction sub-plug scale images
including volume percentages of X-ray distinct components for Hutton Sandstone and
Evergreen Formation samples ...................................................................................................................... 134
Table 5-3. Properties derived from segmentation of before reaction sub-plug scale images
including volume percentages of X-ray distinct components for Precipice Sandstone samples.
.................................................................................................................................................................................. 135

Milestone 0.4 Final Project Report

Page 25

Chapter: 1 Derive a full suite of special core analysis (capillary
pressure, supercritical CO2:brine relative permeability) data sets on
plugs from Surat Basin reservoir and seal rock samples
1.1 Objectives
ANLEC project 128 ‘Maximising the value of digital core analysis for carbon sequestration
site assessment’ has six sub-projects. The first chapter is focussed on deriving a full suite of
special core analysis (capillary pressure, supercritical CO2:brine relative permeability) data
sets on plugs from Surat Basin reservoir and seal rock samples. This sub-project is
particularly focussed on acquiring the highest quality Routine Core Analysis (RCA) and
Special Core Analysis (SCAL) on these samples. CTSCo Wandoan Project geologists,
petrophysicists, and engineers selected a suite of 44 reservoir and 28 seal plug samples from
the West Wandoan 1 well for petrophysical analysis. The reservoir samples were analysed
for a full suite of petrophysical properties (Table 1-1) by Weatherford and the School of
Petroleum Engineering at UNSW.
Table 1-1 Analyses to be performed by conventional and special core analysis
Analyses

Data yielded

SEM analysis on ½ of samples

Illustrate pore throat environment and morphology

CT scan

Test for damage to plug. Choice of subsets for Project 2

Porosity at ambient conditions, permeability at

Porosity and permeability (φ and k)

reservoir conditions
Porous Plate capillary pressure (supercritical

Irreducible brine saturation

CO2-brine) at reservoir conditions

Full drainage Pc curve

CO2 flood (supercritical CO2 + brine) at reservoir

End-point CO2 relative permeability

conditions

Full CO2 and brine relative permeability functions

Mercury injection

Conventional illustration of pore throat size
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1.2 Methods: Experimental and analysis
The following workflow was designed for this sub-project:
1. RCA analysis of the plugs; and
2. SCAL analysis of the plugs, specifically porous plate capillary pressure (supercritical CO2brine) at reservoir conditions and CO2 flood (supercritical CO2 + brine) at reservoir
conditions.
On the 22nd of November a team from CTSCo, UQ and Lithicon viewed the core from West
Wandoan-1 well. At that time 28 plugs were selected from the Evergreen Formation using
biased sampling to represent key facies and 28 plugs were selected from the Precipice
Sandstone using unbiased sampling every 2m from the top to the bottom of the Precipice.
Finally, another 16 plugs of Precipice Sandstone were obtained from the 6m of core that
were selected for whole-core scanning in SP-6. Table 1-2 provides basic core description
information and Table 1- 3 the well information about West Wandoan-1 well.

Table 1-2. Descriptions of the 71 samples from West Wandoan-1 well selected for investigation by
digital core analysis
Sample

Depth
(mRT)

E1

946.69

E2

954.41

E3

961.92

E4

987.32

E5

988.71

E8

1002.57

E9

1006.01

E11

1032.14

E12

1035

E13

1038

E14

1039.85

E15

1040.65

E16

1043.65

Interval

Description

Evergreen
Formation
Evergreen
Formation
Evergreen
Formation
Evergreen
Formation
Evergreen
Formation
Evergreen
Formation
Evergreen
Formation
Evergreen
Formation
Evergreen
Formation
Evergreen
Formation
Evergreen
Formation
Evergreen
Formation
Evergreen

Floodplain feeder channel, laminated organic rich mud
and fine-grained sand
Proximal floodplain, fine sandstone from feeder
channel
Very fine sandstone
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Medial floodplain, very fine sandstone with wavy silt
laminations
Medial floodplain, very fine sandstone with silt
laminations
Medial floodplain, sand with wispy organics
Medial floodplain fine-grained sandstone
Distal floodplain very silty sandstone
Proximal floodplain, fine sandstone
Proximal floodplain, fine sandstone with silty crossbeds
Distal floodplain (lake), fine sandstone with wispy silt
laminations
Distal floodplain (lake), thick wispy silt laminations
Proximal floodplain (levee), sandstone

E17

1048.72

E18

1056.24

E19

1152.48

E20

1155.4

E22

1161.83

E23

954.00

E24

966.00

E25

997.00

E26

1015.00

E27

1026.00

E28

1030.00

E29

1151.00

E30

1152.00

E32

1161.00

E33

1163.00

P2

1168

P3

1170

P5

1174

P6

1176

P7

1178.23

P8

1180.38

P9

1182

P10

1184

P11

1186

P12

1188

P13

1190.2

Formation
Evergreen
Formation
Evergreen
Formation
Evergreen
Formation
Evergreen
Formation
Evergreen
Formation
Evergreen
Formation
Evergreen
Formation
Evergreen
Formation
Evergreen
Formation
Evergreen
Formation
Evergreen
Formation
Evergreen
Formation
Evergreen
Formation
Evergreen
Formation
Evergreen
Formation
Precipice
Sandstone
Precipice
Sandstone
Precipice
Sandstone
Precipice
Sandstone
Precipice
Sandstone
Precipice
Sandstone
Precipice
Sandstone
Precipice
Sandstone
Precipice
Sandstone
Precipice
Sandstone
Precipice
Sandstone
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Proximal floodplain (levee), lithic-rich sandstone
Proximal floodplain, sandstone
Proximal floodplain (levee), sandstone with thin silt
laminations
Proximal floodplain (levee), sandstone
Medial floodplain (stacked splays), organic rich
siltstone
Fine sandstone with common macerated organics
Fine sandstone with rare macerated organics
Carbonaceous siltstone/shale
Carbonaceous siltstone/shale
Carbonaceous siltstone/shale
Very fine laminated sandstone to siltstone
Fine sandstone
Fine sandstone with scattered heavy minerals
Two distinct rock types; siltstone and fine grained
sandstone
Fine sandstone with scattered heavy minerals
Fluvial channel fill, fine to very coarse sandstone
Proximal floodplain, fine sandstone with common
macerated organic laminae
Fluvial channel fill, fine sandstone with rare macerated
organic laminae
Fluvial channel fill, medium to coarse sandstone
Fluvial channel fill, medium to very coarse sandstone
Fluvial channel fill, fine sandstone to granular and
conglomeritic in parts with lithic fragments
Fluvial channel fill, fine sandstone to granular in parts
Fluvial channel fill, medium to very coarse sandstone
Fluvial channel fill, medium to coarse sandstone
Fluvial channel fill, medium to coarse sandstone
Proximal floodplain (levee), medium to coarse
sandstone
Page 28

P14

1192

P15

1194

P17

1200

P19

1204

P20

1206

P21

1207.88

P22

1210

P23

1212

P24

1214

P25

1219

P26

1220.9

P28

1224.9

P29

1227

P30

1229.1

P31

1231

P32

1233.1

P33

1235

PU1

1163.15

PU2

1163.90

PU3

1164.28

PU4

1164.62

PU5

1174.40

PU6

1174.53

PU7

1195.39

PU8

1195.52

PU9

1216.07

PU10

1216.31

Precipice
Sandstone
Precipice
Sandstone
Precipice
Sandstone
Precipice
Sandstone
Precipice
Sandstone
Precipice
Sandstone
Precipice
Sandstone
Precipice
Sandstone
Precipice
Sandstone
Precipice
Sandstone
Precipice
Sandstone
Precipice
Sandstone
Precipice
Sandstone
Precipice
Sandstone
Precipice
Sandstone
Precipice
Sandstone
Precipice
Sandstone
Precipice
Sandstone
Precipice
Sandstone
Precipice
Sandstone
Precipice
Sandstone
Precipice
Sandstone
Precipice
Sandstone
Precipice
Sandstone
Precipice
Sandstone
Precipice
Sandstone
Precipice
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Proximal floodplain (levee), fine to medium sandstone
Proximal floodplain, medium to very coarse sandstone
Fluvial channel fill, fine to medium sandstone
Fluvial channel fill, medium to very coarse sandstone
Fluvial channel fill, medium to coarse sandstone
Medial floodplain, fine, silty inter-laminated sandstone
Proximal floodplain, fine sandstone
Proximal floodplain, fine sandstone with silty laminae
Fluvial channel fill, medium to very coarse sandstone
Fluvial channel fill, medium to coarse sandstone
Fluvial channel fill, medium to coarse sandstone
Fluvial channel fill, medium to coarse sandstone
Fluvial channel fill, medium sandstone
Fluvial channel fill, fine to medium sandstone
Fluvial channel fill, medium to coarse sandstone
Fluvial channel fill, fine to coarse sandstone
Fluvial channel fill, fine to medium sandstone
Fine to medium sandstone
Fine to medium sandstone
Fine to medium sandstone
Fine to medium sandstone
Fine to medium sandstone with silty laminae
Fine sandstone
Fine to coarse sandstone
Fine to coarse sandstone
Fine to medium sandstone
Fine to coarse sandstone
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PU11

1216.57

PU12

1216.81

PU13

1217.07

PU14

1217.32

PU15

1217.64

PU16

1217.81

Sandstone
Precipice
Sandstone
Precipice
Sandstone
Precipice
Sandstone
Precipice
Sandstone
Precipice
Sandstone
Precipice
Sandstone

Fine to medium sandstone
Fine to medium sandstone
Fine to coarse sandstone
Fine to coarse sandstone
Fine to coarse sandstone
Fine to coarse sandstone

Table 1- 3 Basic well information about West Wandoan-1 well.
Surface Location:

Latitude:
Longitude:
Easting:
Northing:
Projection
Spheroid
Datum

26 10' 53.84" S
149 48' 44.72" E
781 096m E
7 101 157m N
MGA 94 Zone 55S
GRS 80 Ellipsoid
GDA 94

Rig:

Major Rig

SU12P53

Elevation:
Date Spudded:

GL:
RT:
23/09/2012

257.8m AHD
257.8m AHD
03:30 hours

Reached TD:

25/10/2012

23:30 hours

Date rig release:
Total Depth:

29/10/2012
20:00 hours
Driller:
1292.9m MD
Logger:
1291.4m MD
EPQ 7
CTSCo Pty Ltd 100.00%
Greenhouse Gas Exploration
Plugged and Abandoned

Permit:
Participants:
Classification:
Status:

In the remainder of this section we will outline the steps undertaken during both the RCA
and SCAL workflows.

1.2.1 Routine Core Analysis
1.2.1.1 Methodology
Routine Core Analysis was performed by Weatherford Laboratories in Blendale, Queensland
on 25 plugs of Evergreen Formation and 42 plugs of Precipice Sandstone. The data are
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presented in Section 3. The plugs were cleaned in a modified soxhlet system, using a 3:1
chloroform:methanol azeotropic mixture, to remove the pore fluids. Cleaning continues
until tests for oil (fluorescence under UV light) and salt (silver nitrate precipitation) show
negative. After extraction, the samples were dried to constant weight in an oven. Once dry,
they were stored in an airtight container and allowed to cool to room temperature prior to
analysis.
1.2.1.2 Porosity measurement
Each clean and dry plug was sealed in a matrix cup and a known volume of helium at 100
psi, reference pressure, introduced to the cup. From the resultant pressure the unknown
volume, i.e. the grain volume, was calculated using Boyles Law. The bulk volume of each
plug was determined by Archimedes Principle. The difference between the grain volume
and the bulk volume is the pore volume. The porosity is calculated as the volume
percentage of pore space with respect to the bulk volume.
1.2.1.3 Permeability measurement
The plugs were placed in a Hassler cell at a confining pressure of 300 psig. This pressure is
used to prevent bypassing of air around the sample when the measurement is made. During
the measurement a known air pressure was applied to the upstream face of the sample,
creating a flow of air through the sample. Permeability for each sample was then calculated
using Darcy’s Law, through knowledge of the upstream pressure and flow rate during the
test, the viscosity of air and the plug dimensions. Selected plugs were mounted into a
hydrostatic cell and the confining pressure increased to overburden pressure and the above
procedure repeated to give permeability at overburden conditions.

1.2.2 Special Core Analysis
This section summarises the results of 28 relative permeability and capillary pressure
measurements for carbon dioxide (CO2) and synthetic brine (1% NaCI). All measurements
were made at a temperature of 50oC and a pressure of 100 bar (~1450 psi). The special core
analyses were performed by Dr Furqan Hussain in the EOR/EGR Laboratory, School of
Petroleum Engineering at the University of New South Wales, using the methodology
described below.
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1.2.2.1 Experimental procedures
Following on from routine core analysis performed by Weatherford Laboratories (described
in Section 1.2.1 ), plugs of the Precipice Sandstone were sent to the University of New South
Wales for further analyses. First the porosity and permeability were measured (described in
section 1.2.2.2 ) then unsteady-state relative permeability of CO2/brine was measured
(described in section 1.2.2.4 ), finally capillary pressure and steady-state relative
permeability of CO2/brine were measured (described in section 1.2.2.5 ).
1.2.2.2 Porosity and permeability measurements
i.

The plugs were put in an oven at 60C for drying for 12 hours minimum.

ii.

The dry weight of each plug was measured using a balance with a precision of 0.1
mg.

iii.

The diameter and length of the plugs were measured using a vernier calliper with a
precision of 0.01mm.

iv.

The samples were put in a vacuum desiccator and a vacuum was applied at 0.1mbar
for 12 hours. Then 1% NaCl brine was introduced into the desiccator to saturate the
samples. Then the wet weight of each sample was measured.

v.

The difference between dry and wet weights was the weight of brine that occupied
the pore volume of each sample. The pore volume was then determined by dividing
the weight difference by the brine density. The bulk volume of each sample was
determined using its dimensions. Hence the porosity of each sample was determined
by dividing the pore volume into the bulk volume.

vi.

To measure absolute permeability a plug sample was mounted in the experimental
facility. Absolute permeability was measured by injecting the brine through each
sample at three different flow rates at 50oC and 100 bars back pressure under
steady-state conditions. The results are given in section 1.2.2.5

vii.

For the flooding experiments (described in Sections 1.2.2.3 and 1.2.2.5 ) the plug
sample was wrapped in a lead jacket (~0.1 mm thick) to avoid CO2 interaction with
the Viton sleeve in the plug holder.
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1.2.2.3 Experimental flooding equipment
Fig. 1-1 shows the experimental setup for CO2 tests used to determine relative permeability
and capillary pressure. The injection unit consists of two ISCO 260D continuous injection
pumps (0.001-60 cm3/min, Maximum Pressure 7500 psi). The pumps are used to inject brine
and CO2 at room temperature. The rest of the experimental facility is situated in a LABEC
oven (+1oC, 200oC Max). The injection line from the pump can be connected to a RUSKA
accumulator (500 cc, 10,000 psi) or a Temco CHRR-100 plug holder. The accumulator is used
to inject pre-equilibrated CO2 and brine into the plug holder. The plug holder is mounted on
a rotatable rig which allows us to perform vertical or horizontal injection. The outlet of the
plug holder is connected to a Corelab AMS-900 acoustic separator. The separator is able to
measure volumes produced with a precision of 0.01 cm3. A Corelab BP-100 back pressure
regulator (BPR) is connected at the separator outlet to control the back pressure. We use
Druk PTX-610 transmitters (+5 psi precision) to measure confining, injection and back
pressures. An ABB 2600T differential pressure transducer is used to record differential
pressure across the plug sample with a precision of 0.03 psi. A computer is used to record
the separator and the differential pressure transducer data.
Ruska Accumulator
Oven
BPR
CO2

Brine

PINJ

Separator

Core holder

ΔP

Brine
pump

CO2
pump

The plug holder can
be rotated into a
vertical position

Figure 1- 1. Experimental setup for CO2-brine tests.
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1.2.2.4 Unsteady-state relative permeability
i.

Using the apparatus shown in Figure 1- 1, 20 pore volumes (PV) of CO2-saturated brine
were injected to displace unsaturated brine from the plug sample.
Brine-equilibrated Supercritical CO2 was injected at 10 cm3/min (30 PV minimum) from

ii.

the top of the plug holder to displace the brine downwards. This injection rate is
equivalent to a capillary number 10-6. The pressure drop across the plug sample was
recorded as a function of time using a differential pressure transducer of precision
0.03 psi. The produced brine was measured using a two-phase separator located in the
oven between the plug outlet and the back pressure regulator.
iii.

Pressure drop and brine produced at the end of the experiment were used to calculate
endpoint CO2 permeability and residual water saturation.

iv.

The relative permeability functions were determined using the history matching
method. We used a black-oil simulator to simulate an immiscible flood which was
adequate for these experiments because brine and supercritical CO2 were equilibrated
before the floods. The simulations were run to replicate the following experimental
conditions: temperature = 50oC, initial pressure = 100 bar, brine viscosity at 50 oC and
100 bar = 0.56 cp (Kestin et al., 1978), and CO2 viscosity at 50oC and 100 bar = 0.028 cp
(Fenghour et al., 1998). Brine production and pressure drop data were matched with
simulated results to optimise the relative permeability functions (Hussain et al. 2010).
Resultant relative permeability functions and the match quality are given in Section 3.

v.

The core plugs were cleaned after the experiment using the soxhlet extractor with 50%
water and 50 isopropanol alcohol.

1.2.2.5 Capillary pressure and steady-state relative permeability
i.

The Porosity and Permeability procedure was repeated, as described in section
1.2.2.2 .

ii.

20 PV of CO2-saturated brine were injected to displace unsaturated brine from the
plug sample.

iii.

Brine-equilibrated Supercritical CO2 was injected at a range of capillary numbers 10-8
to 6x10-6 (0.1 to 60 cm3/min). For each capillary number, the injection was continued
until steady-state conditions were achieved.
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iv.

At every steady-state condition, pressure drop across the plug represents capillary
pressure and the average plug saturation was measured using production data.
Capillary pressure data is acquired.

v.

Steady-state injection rate and pressure drop data were used to calculate steadystate CO2 permeability.
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1.3 Results
1.3.1 Routine Core Analysis
Routine Core Analysis data performed by Weatherford Laboratories in Blendale, Queensland
on 25 plugs of Evergreen Formation and 42 plugs of Precipice Sandstone are presented in
Table 1-1, Figure 1-2, Figure 1-3 and Figure 1-4.

Table 1-4. Routine Core Analysis data of the 67 samples from West Wandoan-1 well.

Sample
Number

Depth
(mRT)

Porosity
Helium (%)

Grain Density
(g/cm3)

E2
E4
E1
E8
E9
E12
E13
E14
E15
E16
E17
E18
E19
E20
E22
E23
E24
E27
E28
E29
E30
E31
E32A
E32B
E33
P2
P3
P5

954.41
987.32
996.69
1002.57
1006.01
1035.00
1038.00
1039.85
1040.65
1043.65
1048.72
1056.24
1152.48
1155.40
1161.83
951.26
961.16
1024.06
1028.15
1147.04
1148.86
1150.85
1156.83
1156.83
1158.96
1168.00
1170.00
1174.00

21.5
7.0
9.7
6.2
12.3
6.5
6.4
9.6
9.7
7.6
4.6
6.8
5.5
13.7
4.7
6.6
8.4
10.8
6.6
6.1
9.7
8.1
7.9
6.9
10.9
20.2
14.3
16.2

2.65
2.59
2.62
2.74
2.62
2.66
2.59
2.60
2.56
2.64
2.65
2.63
2.62
2.71
2.56
2.58
2.60
2.60
2.63
2.65
2.66
2.68
2.51
2.63
2.74
2.63
2.61
2.64

2
3

Ambient
Permeability
(mD)2

Overburden
Permeability
(mD)3

0.015
0.009
0.059
0.011
0.008
0.013
0.013
0.012
0.032
11.3
0.20
2.42

9.1
0.058
2.00

Ambient permeability is measured in laboratory conditions at 1 atmosphere
Overburden permeability is measured under effective reservoir confining stress
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P6
P7
P8
P9
P10
P11
P12
P13
P14
P15
P17
P19
P20
P21
P22
P23
P24
P25
P28
P29
P30
P31
P32
P33
PU1
PU2
PU3
PU4
PU5
PU6
PU7
PU8
PU10
PU11
PU12
PU13
PU14
PU15
PU16

1176.00
1178.23
1180.38
1182.00
1184.00
1186.00
1188.00
1190.20
1192.00
1194.00
1200.00
1204.00
1206.00
1207.88
1210.00
1212.00
1214.00
1219.00
1224.90
1227.00
1229.10
1231.00
1233.10
1235.00
1166.00
1168.00
1170.00
1172.00
1174.00
1176.00
1178.23
1180.38
1184.00
1186.00
1188.00
1190.20
1192.00
1194.00
1197.90

22.5
18.6
18.7
19.3
23.7
22.9
22.6
22.1
21.9
21.9
22.9
17.3
23.0
13.6
22.2
16.5
17.2
25.0
23.7
22.1
24.2
21.3
21.8
22.6
21.9
22.6
24.3
21.9
20.9
22.1
21.8
20.7
20.0
21.3
22.5
21.6
22.0
22.1
21.1
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2.64
2.64
2.64
2.64
2.64
2.64
2.64
2.64
2.64
2.64
2.64
2.63
2.63
2.62
2.64
2.65
2.64
2.64
2.64
2.65
2.65
2.64
2.64
2.65
2.64
2.64
2.64
2.64
2.64
2.64
2.64
2.64
2.63
2.64
2.64
2.64
2.63
2.63
2.64

487
194
198
64.0
2039
2181
2714
1593
347
2040
1050
126
2644
0.14
238
6.8
416
9477
4141
988
5895
2154
1680
1001
193
959
915
237
68.8
434
3137
97.3
597
99
639
1377
628
1686
517

449
159
172
58.7
1905
2062
2355
1449
321
1897
1023
106
2359
0.082
227
5.8
397
8118
3847
943
5738
2120
1592
959
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Figure 1-2. Weatherford Laboratory data of Porosity v Depth for the 25 plugs of Evergreen
Formation and 42 plugs of Precipice Sandstone. The orange dashed line indicates the top of the
Precipice Sandstone.
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Figure 1-3. Weatherford Laboratory data of Ambient permeability to air v Depth for the 42 plugs of
Precipice Sandstone.
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Figure 1-4. Porosity v ambient permeability to air for the Evergreen Formation and Precipice
Sandstone (Weatherford Laboratory data).

1.3.2 Special Core Analysis
This subprogram undertook the measurement of 28 relative permeability and capillary
pressure measurements for carbon dioxide (CO2) and synthetic brine (1% NaCI). The full
suite of resultant unsteady state relative permeability functions and the match quality are
given in detail in the Milestone 1.4 report (Golab et al., 2015a) which include tables that give
the relative permeability data in tabulated form. Steady-state CO2 permeability are also
given in the milestone report (Golab et al., 2015a). Examples of the data acquired for
Sample P11 is given in Figure 1-5 and Table 1-4 below. Figure 1-6 summarizes results for the
residual water saturation and maximum CO2 relative permeabilities and illustrates the rate
effect on the two results. Increasing the injection rate from 10cc/min to 60cc/min increases
the capillary pressure applied. This results in in an increase of CO2 relative permeability by a
factor 1.42 and reduction of the residual water saturation by a factor of 0.82.
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1
Steady-state

0.8

Unsteady-state CO2
2

0.7

Unsteady-state brine

0.6
0.5
0.4

0.3
0.2
0.1
0

1.6
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Brine Saturation
1.2

0.8

0.4

1
0.8
Pore volumes produced

0

Pressure drop (psi)

Relative Permeability

0.9

0.6
0.4
0.2
0

0
0

10
20
Pore volumes injected

30

0

10
20
Pore volumes injected

30

Figure 1-5. Plug P11 from top left in a clock-wise direction: relative permeability functions,
capillary pressure, experimental data v history match quality in terms of pore volumes produced
and pressure drop.
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Table 1- 5. Relative permeability data for Plug P11.
Unsteady state

Steady state

Brine Saturation
[frac]

Brine Relative
permeability

CO2 Relative
permeability

Brine Saturation
[frac]

CO2 Relative
permeability

0.63

0

0.09

0.450

0.147

0.64

0.000446

0.087568

0.622

0.072

0.7

0.006195

0.072973

0.673

0.029

0.76

0.031079

0.058378

0.716

0.008

0.78

0.047554

0.053514

0.759

0.003

0.8

0.070001

0.048649

0.450

0.147

0.82

0.099771

0.043784

0.622

0.072

0.86

0.187478

0.034054

0.673

0.029

0.88

0.248912

0.029189

0.9

0.324671

0.024324

0.92

0.416916

0.019459

0.94

0.527979

0.014595

0.96

0.660364

0.00973

1

1

0
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Endpoint relative permeability
(60 cc/min)

0.5
0.4
0.3
y = 1.4226x
0.2

0.1
0
0

0.1
0.2
0.3
0.4
0.5
Endpoint relative permeability (10 cc/min)

Residual brine saturation
(60 cc/min)

0.7

0.6

y = 0.8206x

0.5
0.4
0.3

0.2
0

0.1 0.2 0.3 0.4 0.5 0.6
Residual brine saturation (10 cc/min)

0.7

Figure 1-6. Effect of injection rate on the endpoint relative permeabilities and residual water
saturation.
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1.4 Discussion and outcomes
Steady-state relative permeability experiments generate lower residual brine saturation and
higher endpoint relative permeability as compared to unsteady-state experiments. This is
because of the higher injection rate/capillary number (up to 6x10-6) applied in steady-state
experiments as compared to unsteady-state (10-6). Therefore we achieve higher capillary
pressures in steady state experiments and displace more brine out of the core plug.

For unsteady-state experiments, it is important to collect reliable data after CO2
breakthrough which is not possible at higher flow rates. Hence the injection rate applied in
unsteady-state tests was limited. The results acquired experimentally show a reasonable
match between experimental and simulated data (further discussed in Chapter 4).

For both steady-state and unsteady-state experiments, endpoint CO2 relative permeabilities
are in the range of 0.1 to 0.3. These values are quite low but consistent with some literature
data (Perrin and Benson, 2010 and Berg et al., 2013). Perrin and Benson (2010) argued that
CO2 bypasses brine during laboratory flooding which causes high residual brine saturation.
Possible reasons for such bypassing are:
1. Heterogeneity
Heterogeneity causes CO2 to bypass low permeability sections of the rock. Using micro-CT
images, Perrin and Benson (2010) showed that low permeability regions in a core act as
capillary barriers, preventing lateral flow across them.
2. Adverse Mobility ratio
Under the experimental conditions (50oC and 100 bar), CO2 viscosity (0.028 cp) is 20 times
lower than brine viscosity (0.56 cp). This adverse mobility causes instabilities at the CO2brine displacement front. Consequently, the displacement is not uniform and CO2 bypasses
brine as a result of channeling/fingering.
3. Low displacement pressures (Krevor et al., 2012; and Pini and Benson 2013)
Because of the low CO2 viscosity, high displacement pressures are not achieved in the
experiments. The endpoint displacement pressures for all of the experiments are below 1
bar as shown in the Milestone 1.4 report (Golab et al., 2015a). These endpoint pressures
represent the capillary pressures applied on the inlet face of the core plugs. Such low
capillary pressures may not represent the reservoir scale displacements. Again, low capillary
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pressures result in high residual water saturations. Figure 1-6 shows that relatively higher
CO2 relative permeabilities and lower brine saturations were obtained at higher flow rates
(60cc/min). This is because of higher displacement pressures at higher rates. However,
experimental limitations restrict application of rates higher than 60cc/min.

In addition to bypassing, Berg et al. (2013) suggested that wettability is responsible for high
residual water and low endpoint CO2 permeabilities. They argued that the CO2-brine system
is mixed wet while the oil-water system is strongly water wet. Therefore in an oil-water
system lower residual water saturation and high endpoint permeability are obtained.
However work in Sub-project 4 did not indicate mixed wet conditions in our analysis.
Because of limitations associated with experiments, measured data do not fully represent
the endpoints. For simulation purposes, high residual brine saturation and low endpoint
permeabilities will result in low storage capacity and low injectivity of CO2. We tried to
investigate correlations between residual water saturation, and permeability and porosity.
Literature data on oil-water systems shows a reduction in residual water saturation with an
increase in permeability (Torskaya et al. 2007). However, our data do not show any strong
correlation. In high permeability core plugs lower capillary pressures were achieved than
low permeability core plugs for the same injection rates. Low capillary pressure leads to high
residual water saturation. Hence, our data does not follow the general literature trend for
an oil-water system.

The specific outcomes of the sub-project 1 included:


CTSCo Wandoan Project geologists, petrophysicists, and engineers selected a suite of
44 reservoir and 28 seal plug samples from the Wandoan well for petrophysical
analysis.



High quality Routine Core Analysis (RCA) data was acquired on all 42 reservoir and 9
seal samples by Weatherford Labs in Queensland and the data summarized in Table
3 and Figs. 1-3.



Special Core Analysis (SCAL) studies were undertaken on a suite of 28 of the
reservoir samples by the School of Petroleum Engineering at UNSW. A full suite of
resultant unsteady state relative permeability functions and the match quality are
generated. Steady-state CO2 permeability are also reported.
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Chapter: 2 Obtain high resolution 3D digital images of the same
plug samples, derive digital petrophysical and SCAL data, and
perform petrographic analyses by automated quantitative mineral
mapping.
2.1 Overview
A comprehensive 3D pore and plug scale analysis data set of Surat/Evergreen images and
static data at pore to sub-plug scales was built in sub-project 2. A comprehensive report
outlining the suite of data analysis is found in “Milestone 2.9: Final report of digital core
analysis results” (Golab et al., 2015). The findings presented relate to core plugs selected
from the core from West Wandoan-1 well (see Table 1-2). These include 17 core plugs from
the Evergreen Formation (these plugs are referred to as the “E series”) using biased
sampling to represent key facies and 44 plugs from the Precipice Sandstone (these plugs are
referred to as the “P and PU series”) using unbiased sampling every 2 m from the top to the
bottom of the Precipice Sandstone. Finally an interactive catalogue for fast data retrieval,
interrogation and 3D visualization of data via direct online access was developed as part of
the program.

2.2 Methods
In this section we will outline the methodologies and workflows used in this project. We will
introduce X-ray microcomputed tomography (micro-CT) imaging technology applied to the
study of rocks, and the necessary image analyses used to extract and quantify lithological,
mineralogical and petrophysical properties.

2.2.1 Image acquisition by µCT and image reconstruction
Large-field X-ray micro-CT facilities allow the acquisition of sequential projections of the
rock samples. The projections are then processed through reconstruction algorithms to
generate a 3D digital representation of the imaged sample. For this project the HeliScanTM
system (see Figure 2-1) was used which comprises an X-ray source producing a conical
polychromatic X-ray beam, a stage able to follow a helical trajectory and a detector capable
of acquiring radiographs of 20482 pixels with a depth per pixel of 16 bits.
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Figure 2-1. Example of an X-ray micro-CT system used to acquire 3D tomograms used in this and
other sub-projects (left), and photo of the external protective enclosure (right)

The proprietary algorithm developed by ANU to perform the reconstruction is composed of
three main “sections”: initially projections are pre-processed to compensate for artefacts
and or variations in the signal (i.e. variability of the flux of X-rays, etc.); projections are then
used to iteratively reconstruct small sections of the tomogram to find optimal alignment
parameters; finally the entire dataset is processed to reconstruct the X-ray tomogram of the
analysed sample. This algorithm is capable of processing tens of thousands projections (that
converts to hundreds of gigabytes of data) thanks to the support of high performance
computing (HPC) systems.
The resulting 3D images have a voxel resolution around 1/2000 times the sample width.
Typical values are 20 µm for 1 ½ inch plugs and 1-5 µm for 2-10 mm sample volumes. An
acquisition time of 10-20 hours is typical for the 20482 x 2048-6000 (vertical direction)
voxels (3D pixels) tomograms. The acquisition time depends on the required signal-to-noise
ratio for the tomogram and the height of the sample. Finally the greyscale values of those
datasets are dependent on the X-ray attenuation of the material imaged (roughly the atomic
number times the density).
The resolution that can be obtained by micro-CT when imaging a 25 mm diameter sample is
quite limited. This option doesn’t allow one to sufficiently resolve the pore and throat
system and limits the information that we can obtain from the dataset. At the same time
the use of a subset of the plug (sub-plug) exposes one to the risk of representing an
extraordinary rock texture, therefore producing results that are not representative of that
geological facies.
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The approach used to avoid such situations was:
1. Acquiring a micro-CT ‘scoping scan’ of the entire plug;
2. Performing a qualitative geological analysis of the tomogram: to

identify the

characteristic rock texture, estimate an ideal resolution and volume to represent
such texture, and finally identify a representative volume;
3. Coring and preparing a sub-plug targeting that volume;
4. Acquiring a high signal-to-noise ratio micro-CT image representing the sub-plug to be
used for the subsequent pore-scale image analysis

2.2.2 Saturated samples and tight rocks workflow
Due to the limitation in resolution of the images acquired, it is common to have a portion of
the porosity that is unresolved, i.e. some voxels contain a partial signal of solid mineral and
open pore. To address this problem Lithicon in collaboration with ANU developed a <tight
rocks workflow> that is able to accurately quantify the porosity in each voxel, including the
sub-resolution porosity.
The workflow (Figure 2-2) consists of acquiring multiple micro-CT images of the same
sample, generally an as-received state and after saturation with a X-ray contrasting brine.
Prior to brine saturation, a plasma reactor is used to render the pore walls water wet, thus
improving the saturation of the connected pore space.
The two 3D datasets are processed, registered and calibrated to then create a difference
image representing the amount of contrast brine contained in each voxel. This information
is finally processed to obtain a quantified 3D map of the distribution of the porosity for the
entire sample.

Figure 2-2. Example of an application of the tight rock workflow; from left to right, subset of an asreceived state image, saturated image, difference image, and finally porosity map. The almost
identical intermediate grey value in the first image is actually representing two materials, one
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with porosity and one without. In the difference image we isolate the part of the signal that is
related exclusively to the porosity, thus the ability of generating an accurate 3D porosity map.

The porosity map provides an accurate representation of the pore space and is an important
base for our analysis and simulations. It is a rich dataset that allows the understanding of
the types of porosity and the association of pores with different minerals and organic
matter. It therefore provides information that cannot be gained from laboratory
measurement of porosity alone by routine core analysis.

2.2.3 Image analysis
The image processing and analysis of 3D micro-CT datasets is performed using the in-house
software originally developed by the ANU. This software, called MANGO, utilizes a clientserver interface and highly parallelized codes to access HPC resources. This allows us to
perform complex analyses on very large datasets in a timely manner.
Most of our proprietary and advanced algorithms (see Sheppard, Sok and Averdunk, 2004
and 2005, Knackstedt et al., 2008) cover three important steps of an image analysis:
1. Image artefact correction.


This image pre-processing step is to remove any artificial feature in the
dataset introduced by the image acquisition and reconstruction.



This is a very crucial step of the analysis because the usability of an image
hinges on minimizing artefacts that would otherwise interfere with the
segmentation and quantification of properties (see Sheppard, Sok and
Averdunk, 2004 ).

2. Image segmentation.


This process is designed to partition the dataset into its X-ray distinct
components, allowing us to obtain a simplified and quantified representation
of the original rock. The simplified dataset generated in this way is used to
perform very demanding simulations, like Lattice-Boltzmann permeability
simulations.



Some of the most complex algorithms in MANGO are used in this step. Their
robustness effectively reduce the impact of eventual artefacts and image
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noise on the resulting image and therefore leading to a more faithful
representation of the rock structure and texture.
3. Image registration.


Voxel PerfectTM image registration transforms and rotates an image to allow
it to perfectly overlay the original image. This can be used to register one 3D
tomogram to another or a 2D scanning electron microscope (SEM) image
mosaic into a 3D tomogram.



This process allows us to considerably expand our capabilities of analysis,
literally allowing us to undertake time resolved studies of data (see for
example, section 2.2.2 ).

Additional software is used to perform specialized analyses. These are generally limited to
2D electron microscopy datasets and workstation-based. A typical example can be the
processing of the data acquired by automated quantified SEM-EDS (energy dispersive
spectroscopy) from QEMSCANTM, or the stitching and analysis of the collection of SEM tiles
used to compose the full SEM mosaic.

2.2.4 Calculation of petrophysical properties
The datasets after image analysis are typically used to calculate petrophysical properties
and compute statistics. The typical range of deliverables includes sedimentological and
lithological statistics, like grain size distribution, pore and throat characterization and
porosity distribution, and petrophysical properties ranging from absolute permeability,
formation resistivity factor, Archie’s cementation exponent and elasticity.

The statistical analyses are generally a direct outcome of the image analysis, and typically
processed within MANGO. Grain size distribution is processed using a grain partitioning file
(label file), where each individual grain is labelled uniquely. The size of those grains is
computed as the radius of the equivalent sphere, and therefore can deviate from the typical
laboratory technique. Pore space characterization is computed on a pore network dataset
extracted from the segmented image. Typical geometrical descriptors that are calculated in
this way are: pore radius, pore aspect ratio, throat radius, throat aspect ratio, and
coordination number of pore connectivity.
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The calculation of properties such as absolute permeability, formation resistivity factor, and
Archie’s cementation exponent is performed using specific software developed by Lithicon
and ANU, and can use different approaches to solve specific physical processes. For the flow
properties we use simulators that works on grid datasets (images) using the LatticeBoltzmann solver—electrical conductivity is solved via a finite difference method.

2.2.5 Database build
A database for the inspection of data has been built and is currently hosted at NCI, the
National Computational Infrastructure, and is accessed with the following address:
https://ddca-staging.anu.edu.au
There is no landing page provided, so only authorised users are able to access any part of
the database. There is scope for ANLEC or other parties to deploy their own version of the
database and host the data on their own server. This would make it more difficult to provide
the ongoing support that the ANU and NCI are prepared to provide in order to keep the
Database for Digital Core Analysis (DDCA) site running for some years. Another option is for
the site to continue to be hosted at NCI, but accessed through an anlecrd.com.au web
address. The DDCA now satisfies all set of key features below:
 The ability to store all relevant data types and their inter-relationships
 A security model that includes mixed-permissions
 Data upload capabilities (automatic and manual)
 Extensibility (such as the ability to include custom data)
 Data quality control and curation capabilities
 Browsing and Searching
 Inspecting and analysing data elements
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2.3 Results
The following section will outline the analysis performed on 17 core plugs from the
Evergreen Formation (‘E’ series) and 28 core plugs from the Precipice Sandstone (‘P’ series).
Due to space limitations, 2 samples from the Precipice Sandstone and 3 from the Evergreen
Formation (Table 2-1) will be used to illustrate the results of the analysis workflow. Full
results are available in the Milestone 2.9 report (Golab et al., 2015).

Table 2-1. List of 5 core plugs presented in this summary report
Sample
E4
E12
E32

Depth (mKB)
987.3
1035.0
1161.0

Grain sorting
Very good
Very good
Very good

P3
P11

1170.0
1186.0

Good
Moderate

Notes
Wavy silt laminations with common lithic fragments
Fine laminated sand
Two distinct rock types; siltstone and fine grained
sandstone
Fine sandstone with common organic laminae
Medium to coarse quartzose sandstone

2.3.1 Image acquisition
2.3.1.1 Micro-CT scoping scans
The use of micro-CT scoping scans of the entire core plug allowed us to perform some
preliminary evaluation of heterogeneity of grain size, sorting and distribution of lithological
features, pores and damage caused by coring. This allowed us to identify the optimal
volume (Representative Elementary Volume, or REV) and resolution for a sub-plug, and to
target specific textures representative of the main facies while avoid extraordinary features
such as fractures and extremely large pores or grains. Also, the qualitative information
represented in those images is fundamental to interpretation of the results obtained at the
pore scale.

The scoping scan images were used to select the location of acquisition and analysis subplugs of a chosen diameter (12-3 mm depending on the rock’s texture) to capture and REV
and avoid extraordinary features. Figure 2-3 shows the location of the sub-plugs with yellow
rectangles.
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E4

E12

E32a

P3

P11

Figure 2-3. Vertical plane tomogram images from 3D scoping scan of plug E4, E12, E32, P3 and P11.
The orange rectangle indicates the area from which the sub-plug was extracted

2.3.1.2 Micro-CT imaging of the sub-plugs
The sub-plug images were used to characterize the pore-scale features, as well as the main
structural and textural features of the framework grains and pore-filling minerals.
The variability observed within the Evergreen Formation is huge: grain size and sorting, ratio
between framework grains and matrix are often completely different from sample to
sample; carbonate cement is often non-existent, but very important in some samples; the
mineralogy of those rocks is highly variable, as well as the presence of lithic grains and
organics. The texture observed within this formation didn’t allow us to consistently resolve
the pore space, often associated with clay minerals.
The Precipice Sandstone is in general simpler, although we observed some significant
variability in grain size and sorting. The nature of the framework grains is generally
consistent; however pore-filling clay is in some case an important component of the rock.
The pore space is often almost entirely resolved and the resolution describes sufficiently the
majority of the throats (diameter equal or greater than 4 voxels). This allows us to perform
permeability simulations directly on the images.
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Due to the very tight nature of the Evergreen Formation and in some sections of the
Precipice Sandstone, the use of the “tight rock analysis” was necessary. For those samples
we acquired a fully saturated image for the entire ‘E’ series ( 17 samples) and part of the ‘P’
series (7 samples)

E4

E12

P3

P11

E32a

Figure 2-4. Vertical plane images from high resolution 3D µCT tomograms of sub-plugs from
samples E4, E12, E32a, P3 and P11

2.3.2 Image analysis and 3D quantification
The pre-processing and analysis of 3D X-ray tomograms of sub-plugs leads us to accurately
quantify the structure and porosity of those samples. When available a direct comparison of
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our results with experimental ones on sister plugs showed an discrepancy of less then 10%
and 1 PU for the Evergreen Formation, and less than 7% and 1.4 PU for the Precipice
Sandstone. We performed segmentation of distinct x-ray phases and porosity segmentation
on all sample. In addition we performed 3D image registration and generation of porosity
map whenever the ‘tight rock analysis’ was required. Results of those segmentations for all
samples are summarized in Figure 2-4, Figure 2-5, Figure 2-6 and Figure 2-7. A trace of data
from the images with depth is shown in Figure 2-8.
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E4 a)

b)

c)

d)

E12 a)

b)

c)

d)

E32a a)

b)

c)

d)

P3 a)

b)

c)

d)

P11 a)
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Figure 2-5. Images of E4, E12, E32a, P3 and P11 from (a) native-state tomogram, b) saturatedstate tomogram, c) map of connected porosity with darkening shades of grey associated with
increasing porosity, and d) mineral segmentation. All samples but P11 went through the tight rock
workflow.

Figure 2-6. Plot of volume fractions of X-ray distinct phases that were segmented from pore scale
3D tomograms of the sub-plugs from the Evergreen Formation
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Figure 2-7. Plot of volume fractions of X-ray distinct phases that were segmented from pore scale
3D tomograms of the sub-plugs from the Precipice Sandstone.
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Figure 2-8. Vertical sub-resolution and resolved porosity profile across the analysed interval of
Evergreen Formation and Precipice Sandstone.
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2.3.3 2D image analysis: SEM imaging and mineral mapping by automated
quantified SEM-EDS
In this sub-project we successfully combined 3D X-ray micro CT imaging techniques with
electron microscopy techniques, such as multi-scale, multi-resolution back scattered
imaging and automated quantified SEM-EDS. In fact while 3D datasets are critical for
quantitative analysis and simulations, the need to probe multiple scales forces us to image
at variable resolutions.
The use of 3D and 2D imaging techniques at variable scales however requires a perfect
alignment between them, and this has been achieved using proprietary 2D and 3D
registration algorithms. Data from multiple sources is now perfectly registered and
qualitative and quantitative analyses are possible across a wide spectrum of information
and resolution.
An example of the use of high magnification B-SEM images to analyse small scale features is
outlined in Figure 2-9. This high resolution information coupled with coarser resolution 3D
image information from tomogram enables one to probe the full structure of the samples.
Slices from 3D micro-CT data coupled with SEM and SEM-EDS data are summarized in Figure
2-10. Comparative mineral assays are given for the Evergreen Formation in Figure 2-11 and
in Figure 2-12, for the Precipice Sandstone in Figure 2-13 and Figure 2-14.

Figure 2-9. High resolution SEM images of left) pore-filling kaolinite in sample P11 and right)
kaolinite and muscovite in sample P14 (FOV = 150µm wide).
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E4 a)

b)

c)

d)

E12 a)

b)

c)

d)

E32a a)

b)

c)

d)

P3 a)

b)

c)

d)

P11 a)

b)

c)

d)
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Figure 2-10. Registered images of samples E4, E12, E32a, P3 and P11 from (a) native-state
tomogram, (b) porosity map, (c) SEM, (d) QEMSCAN (see for QEMSCAN legend).

Figure 2-11. Comparative mineral assays of Evergreen Formation samples from QEMSCAN
analysis.

Milestone 0.4 Final Project Report

Page 64

Figure 2-12. Average mineral composition and specific breakdown for phyllosilicates as observed
by QEMSCAN analysis on all anlyzed samples from the Evergreen Formation

Figure 2-13. Comparative mineral assays of Precipice Sandstone samples with considerable
amounts of pore-filling material from QEMSCAN analysis.
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Figure 2-14. Average mineral composition and specific breakdown for phyllosilicates as observed
by QEMSCAN analysis on all analyzed samples from the Precipice Sandstone

2.3.4 Simulation of petrophysical properties
Using the segmented 3D tomograms we performed grid-based petrophysical simulations at
sub-plug scale for the samples from Precipice Sandstone. Properties simulated in this way
were absolute permeability (k), formation resistivity factor (FRF) and Archie’s cementation
component (m).
Absolute permeability is computed exclusively on the resolved pore space, and therefore
was possible only if the main flow path was fully resolved from top to bottom. Formation
Resistivity Factor is instead calculated on the resolved porosity and estimated on the subresolution porosity according to an estimated cementation exponent.
Both simulations were performed on multiple subsets of the original image to capture the
natural variability in porosity and texture. Results obtained in this way were used to build a
porosity-property relationship, and therefore estimated for the entire image. This approach
allowed us to cover a much higher variability in texture based on the calculated
relationships.
The Precipice Sandstone was observed to be a very high porous and permeable medium,
and therefore a very good CO2 injection target. We observed also a very localized decrease
in quality of petrophysical properties associated with the presence of pore-filling clay and
fines. This can potentially assist the security of the injection by acting as migration baffles.
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The Precipice sandstone samples exhibit clear laminations and the sub-plugs are cut
perpendicular to the lamination planes. The permeability at the small scale simulated here
(~1mm cubed) still shows significant anisotropy in values. This is summarized in Figure 2-15.
The presence of these small scale heterogeneities highlight the need to account for the
change of properties as one upscales property predictions to plug, whole core and log scales
via an integrated multiscale workflow.
P3 a)

b)

P11 a)

b)

Figure 2-15. Plots of a) porosity versus permeability and b) porosity versus formation resistivity
factor for samples P3 and P11
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Figure 2-16. Absolute permeability (horizontal and vertical) plotted against porosity for Precipice
Sandstone

2.3.5 Pore space analysis
Statistics on the pore space were computed using a pore network extracted from the
resolved porosity for Precipice Sandstone. The understanding of the pore structure and the
relationship between pores and throats can in fact enable us to better understand the
interaction between fluids and the rock’s structure. This information is particularly
important when two-phase flow conditions are evaluated. Geometrical descriptors that
have been calculated include pore aspect ratio and pore radius which describes the porosity
of a rock, throat radius which controls and limit the flow through the rock, and the
coordination number which is a good descriptor of both connectivity and tortuosity of the
system analysed.

2.3.6 Grain size analysis
Grain size analysis has been performed on samples from the Precipice Sandstone.
This analysis is based on a grain partitioning performed on segmented images. The grain
partitioning was performed exclusively on framework grains, therefore ignoring high density
features and pore-filling material. Although affected by the limited resolution and volume,
this analysis was able to describe the variability in sorting and grain size of those samples. A
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summary of those results is reported in Figure 2-17. Figure 2-18 illustrates the variability of
the grain sizes with depth along the well bore.

P3

P11

Figure 2-17. Images of sub-plugs of samples P3 and P11 from (a) separation and labelling of
individual grains in segmented high resolution 3D tomograms and (b) plot of volume weighted
grain size distribution.
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Figure 2-18. Box and whisker plot summarizing the grain size distribution observed from the subplug tomograms of Precipice Sandstone. Values reported for each sample are 1st, 2nd (Median)
and 3rd quartile, mode, minimum and maximum values. In addition we reported statistically
represented values as a) three times the voxel size of the image (bottom end) and b) one tenth of
the sub-plug diameter (top end)

2.3.7 The database
The results of this program and the PU series analysis undertaken under subproject 6 are all
available to inspect via DDCA. The DDCA deliverable is the content, which centres on the
conventional and digital core analysis data from the various sub-projects of ANLEC 0128, as
shown in Figure 2-19. These diverse data have been uploaded into the database in various
forms, and accompany the large store of tomogram and other image data that are
generated by the digital core analysis workflow that has been applied to the various
samples.
Most of the data of interest are directly attached to the relevant sub-plugs (information on
searching and navigating to sub-plugs is included in the Data Guide) as shown in Figure 2-20,
and include images of the core plugs and scoping scans as well as X- and Z-slices of the subplugs showing microporosity, grain size distributions, mineral segmentation, saturated and
native state tomograms, porosity profiles and more.
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Sub-Project

800.8

E1
E2
E3
E4
E5
E8
E9
E10
E11
E12
E13
E14
E15
E16
E17
E18
E19
E20
E22
E23
E24
E25
E26
E27
E28
E29
E30
E32
E33
WC3
WC5
WC8
WC9

946.7
954.4
961.9
987.3
988.7
1002.6
1006.0

Evergreen Formation

H WC15

Notes:

1

1032.1
1035.0
1038.0
1039.9
1040.7
1043.7
1048.7
1056.2
1152.5
1155.4
1161.8
954.0
966.0
997.0
1015.0
1026.0
1030.0
1151.0
1152.0
1161.0
1163.0
981.2
992.4
1043.7
1056.1
H = Hutton Sandstone
Seg. = Segmentation
Geo. = Geochemical

ID

Depth
(m)

P2
P3
P5
P6
P7
P8
P9
P10
P11
P12
P13
P14
P15
P17
P19
P20
P21
P22
P23
P24
P25
P26
P28
P29
P30
P31
P32
P33
PU1
PU2
PU3
PU4
PU5
PU6
PU7
PU8
PU9
PU10
PU11
PU12
PU13
PU14
PU15
PU16
WC11
WC14

1168.0
1170.0
1174.0
1176.0
1178.2
1180.4
1182.0
1184.0
1186.0
1188.0
1190.2
1192.0
1194.0
1200.0
1204.0
1206.0
1207.9
1210.0
1212.0
1214.0
1219.0
1220.9
1224.9
1227.0
1229.1
1231.0
1233.1
1235.0
1163.2
1163.9
1164.3
1164.6
1174.4
1174.5
1195.4
1195.5
1216.1
1216.3
1216.6
1216.8
1217.1
1217.3
1217.6
1217.8
1165.4
1217.5

2

3

4

5

6

SEM + QEMSCAN
RCA
SCAL
Whole-Core μCT
Scoping Scan μCT
Pore-scale μCT + Seg.
Core-flooding
Dynamic Modelling
Whole-Core μCT
Scoping Scan μCT
QEMSCAN + Geo.
Upscaling

Depth
(m)

5

Precipice Sandstone

ID

2

SEM + QEMSCAN
RCA
SCAL
Whole-Core μCT
Scoping Scan μCT
Pore-scale μCT + Seg.
Whole-Core μCT
Scoping Scan μCT
QEMSCAN + Geo.

1

Sub-Project





































Figure 2-19. Analyses performed under ANLEC0128 and available under the DDCA.
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Figure 2-20. Snapshot of the DDCA showing some of the data typically entered for a sub-plug
(Precipice sample P22). Note the presence of calculated data entered as custom data (a plot of
formation factor) as well as descendant data relating to image slices and metadata from the
automatically ingested tomograms

2.4 Discussion and outcomes
Digital core analysis has been undertaken on a large suite of samples at multiple scales. The
workflow included acquisition of multiple 3D tomograms, SEM imaging (of a polished
section in the field of view of the tomogram) and registration into the tomogram, and
mineral mapping by QEMSCAN™. The pore-scale imaging in 3D allowed the characterisation
of pore-scale features, the main structural and textural features and the investigation of
pore-filling material. The 3D tomograms were successfully segmented into porosity and
identifiable minerals, the grain size distribution was calculated, and the petrophysical
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properties were calculated for all samples with connected porosity. The Precipice Sandstone
is heterogeneous in terms of grain size, sorting, clay content and pore throat sizes on the
millimetre scale and these variations are reflected in the anisotropy in the petrophysical
properties presented in this report. Generally the calculated permeability in the horizontal
direction is higher than the vertical direction due to the influence of laminations with large
amounts of pore-filling clay. Also, the Precipice Sandstone is highly porous and permeable
and therefore a good CO2 injection target but some zones occur that have low porosity and
permeability and these should assist the storage security of the injected CO2 by acting as
baffles to migration. The Evergreen Formation is highly heterogeneous from mudstone to
sandstone but even the sandstones contain high enough levels of pore-filling material that
the pore-space is only connected at the finest scales. This is generally associated with a very
low permeability, making the entire interval a very good candidate as a stratigraphical seal.

The specific outcomes of the sub-project included:


A comprehensive 3D pore and plug scale analysis data set of Surat/Evergreen images
and static data at pore to sub-plug scales was acquired. For digital core analysis, the
specimens were first imaged as core plugs 25 mm in diameter and of length 50 to
100 mm, then higher resolution images were taken of sub-plugs with diameters of 3
to 12 mm and varying lengths. SEMs and mineralogy maps were acquired at higher
resolutions (down to 10s of nanometers) to enable one to fully describe the pore
structure of the sample suite. Petrophysical properties were calculated at pore and
plug scales.



An interactive catalogue (the DDCA) was developed for fast data retrieval,
interrogation and 3D visualization of data via direct online access. The DDCA today
represents a secure database that is able to store and present diverse data. It is built
on a sophisticated back-end architecture. It will enable the data generated in this
large project to deliver value to the end-users of the Surat Basin project.
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Chapter: 3 Perform 3D imaging of in situ supercritical CO2
saturation at the pore scale. Correlate observed saturation
relationships with porosity distributions and rock types
3.1 Objectives
The objective of the third sub-project was to design, build and perfect equipment to
conduct flow experiments with supercritical CO2 and brine at reservoir temperature and
pressure, while imaging in 3D by micro-CT. This goal has been achieved with the imaging
during flow conducted on 16 samples of the Precipice Sandstone and subsequent image and
sample analysis. The images are then to be analysed and quantified to characterise in 3D the
CO2 trapping, and inspect the results for trends related to the relative permeabilities of the
samples. The major milestones of this program are summarized in the comprehensive
Milestone Reports 3.4 (Saadatfar et al., 2014b), 3.5 (Saadatfar, Cruikshank and Senden,
2015) and 3.6 (Saadatfar et al., 2015). In this Chapter we review these results and describe
the design and build of the equipment and experimental challenges that were noted during
the experimental work. We then describe the results of conducting flow experiments with
supercritical CO2 and brine at reservoir temperature and pressure with fluid flood imaging in
3D via micro-CT. We analyse the images from the flow experiments and quantify the CO2
trapping and visualise the fluid distributions in 3D at the pore scale. We then describe
results for correlation of capillary trapping capacity to the petrophysical properties for a
series of reservoir and seal samples from the CTSCo Wandoan project.

3.2 Methods
3.2.1 Experimental details
A range of new and existing equipment were utilised for the experimental phase of this
study. They include ANU’s state-of-the-art imaging and image analysis technology including
an image registration technique, which enables comparison of the different stages of
experiments. Additionally, some of ANU’s existing equipment was modified to suit the
experimental requirements of this project. Below we briefly highlight the primary apparatus
developed and/or modified for this project.
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3.2.1.1 Experimental equipment
3.2.1.1.1 High pressure/temperature vessel:

A triaxial high pressure/temperature flow cell (HPC) was used to investigate rock-fluid
interactions with scCO2 for both in situ and ex situ experiments. The design of this high
pressure vessel was to achieve a) stable and selectable temperature control between
ambient and ≈ 65°C, and b) implementation of a scCO2 incubation/injection circuit. Both
goals needed to maintain the long term stability already engineered into the confinement,
axial strain and injection ports of the pressure apparatus.
3.2.1.1.2 CO2 Injection System

A safe and reliable CO2 hydraulic circuitry was designed and built in the second phase of
pore imaging program. The CO2 circuit was successfully connected to the HPC’s hydraulic
circuit (see Figure 3-6). A high purity CO2 cylinder, with liquid take-off and over-pressured
with helium to ≈2000psi, was used as the CO2 reservoir. The scCO2 and brine were able to
equilibrate in a heated mixing chamber prior to injection into the rock. The system is able to
inject scCO2 into the rock without interruption while maintaining the target pore pressure.
By adjusting the pressure differential across the rock sample, the scCO2 injection rate
through the sample was controlled. This was achieved by a combination of sensitive backpressure and pressure-reducing regulators.
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Figure 3-1. Schematic of CO2 hydraulic circuitry. This part is integrated into the hydraulic circuit for
the High Pressure Cell.

3.2.1.1.3 PID controller for heating filaments

The investigation of scCO2 requires stability in the temperature profile for up to 25 hours
(maximum imaging duration). Our calibration measurements concluded that temperature
gradient as small as 3°C across the sample directly affects the stability in both sample and
fluid volumes as well as the phase behaviour of scCO2 itself. We designed and built a
proportional-integral-derivative (PID) controller for the heating filaments. The PID heating
system controls the temperature in both the mixing (equilibration) chamber and the HPC to
an accuracy of ±1˚C.
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3.2.1.2 Experimental methodology
To quantify the residual trapping of scCO2, the following procedure was conducted on each
selected sample. First, a 6mm diameter sub-plug is cored and mounted in the HPC then
imaged in ‘dry’ state (Image 1: Dry). The sub-plug is then saturated with brine inside the
high pressure chamber at a pore pressure of 1,350psi (Image 2: Brine 1 after imbibition).
This is followed by the injection of scCO2, which results in some displacement of the brine
(Image 3: scCO2 injection through drainage). In the final stage brine is injected (forced
imbibition) - with a minimum of 150 pore volumes as detailed below - into the scCO2/brine
saturated rock (Image 4: Brine 2 after forced imbibition).
Brine and CO2 are equilibrated in the “Brine Dash-pot” as illustrated in Figure 3-1. This Dashpot is a mixing chamber, where brine and CO2 are stirred at heightened
pressure/temperature. The equilibrated CO2 and brine are then used for saturating the
sample. The brine itself contains two different components: Potassium Chloride (KCl) as a
clay stabilizer; and Sodium Iodide (NaI) as an attenuating agent to increase the X-Ray
attenuation of the brine. The concentration for the majority of samples was 0.15M KCl +
0.3M NaI, while the samples reported in Milestone Report 3.3 (Saadatfar et al., 2014b) had
1.0M KCl + 1.5M NaI.

Each of the four tomograms and the relevant experimental settings is listed below:
1) Dry image:
Axial pressure: 1600±3psi,
Confining pressure: ≈1450±3psi,
Temperature: ≈55°C±1°C
2) Brine 1 (imbibition)
Axial pressure: 1600±3psi,
Confining pressure: ≈1450±3psi,
Temperature: ≈55°C±1°C,
Pore pressure: ≈1350±5psi,
Flow rate: 0.01 to 2.00 cc/min
Volume of injection fluid: ≈150 pore volumes
3) scCO2 injection (drainage)
Axial pressure: 1600±3psi,
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Confining pressure: ≈1450±3psi,
Temperature: ≈55ᵒC±1°C
Pore pressure: ≈1350±5psi,
Flow rate: 0.01cc/min
Volume of injection fluid: ≈150 pore volumes
4) Brine 2 (forced imbibition)
Axial pressure: 1600±3psi,
Confining pressure: ≈1450±3psi,
Temperature: ≈55°C±1°C
Pore pressure: ≈1350±5psi,
Flow rate: 0.01cc/min
Volume of injection fluid: ≈150 pore volumes

At least 12 hours of relaxation time was allowed after stopping of flow of fluid and prior to
the acquisition of each tomogram. All the pressures and temperatures were kept stable and
constant throughout imaging, as demonstrated in Milestone 3.2 (Saadatfar et al., 2014a).
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3.2.1.3 Experimental challenges
The experimental design was based on 3D imaging of the samples at the sub-plug scale in a)
as-received state, b) after injection of X-ray dense brine (imbibition), c) after injection of
scCO2, (drainage), and d) after a final injection of X-ray dense brine (imbibition). The images
allow the characterisation of pore-scale features, saturations, and capillary trapping. A
range of experimental challenges were encountered during the experiments. This led to a
larger number of experiments being undertaken than originally planned—twenty samples
were studied over the project – in some cases the four images at different sample states
(dry, saturated, CO2 injected, subsequent brine) failed due to equipment, reconstruction or
methodological problems The challenges encountered in the laboratory are important to
review as they led both to better understanding of the impact of heterogeneity on the
results and improved experimental methodologies overall.
3.2.1.3.1 Fluid distribution

A number of issues had to be addressed to ensure fluid distribution across the entire plug
and to deal with end and side effects. This issue has been discussed in depth in Milestone
3.6 (Saadatfar et al., 2015). To summarise, a combination of flow diffusers and end-caps for
smooth in/out-flux of fluid to and from the sample were used. This guarantees uniform
distribution of fluid when entering the plug. In addition, plugs were wrapped in Teflon films
to control edge effects. This also guarantees the advancement of fluid through the bulk of
the core rather than low resisting paths around the edges.
3.2.1.3.2 Partial saturation of rock

The samples studied in this report are sandstones primarily composed of quartz with a
maximum clay content of 17% and a width to length ratio of 1 to 3. Despite the samples
having high porosities and predominantly high absolute permeability, it has not been
possible to fully saturate the samples at an elevated temperature and pressure in the initial
brine imbibition (Brine 1). This phenomenon has also been reported in a recent CO2 trapping
study conducted by the Stanford group (Silin et al., 2011). Pockets of air bubbles trapped
within the pores are observable within the Brine 1 tomograms in the samples reported in
Milestone report 3.3 (Saadatfar et al., 2014b). This is attributed to the heating of the subplug after brine saturation, as demonstrated in Figure 3-2. The top image shows a slice
through a Brine 1 tomogram at an elevated pore pressure and room temperature (20°C).
The bottom image shows the same slice through a second tomogram acquired after raising
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the sample’s temperature to 50°C. Air/gas bubbles have appeared in several locations
throughout the sample (black in the bottom image of Figure 3-2). Note that the brine is
always degassed under vacuum prior to being injected into the rock. Boiling the brine before
degassing it has also been tested, but without any noticeable effect. While not entirely
desirable the presence of the emboli is interesting from the perspective of studying the
influence of partially saturated core plugs, as may happen after injected fluids separate.

Since submitting Milestone report 3.3 (Saadatfar et al., 2014b), the initial brine saturation
has improved to above an average of 99%. This was achieved by combining a number of
factors such as degassing the brine for a longer period through boiling the water followed by
vacuum-degassing it, but more importantly by increasing the initial rock saturation (Brine1)
flow rate to 2.0cc/min.

Figure 3-2. Tomogram images of a sample saturated under different condition: (Top) Fully
saturated at an elevated pore pressure and room temperature and (Bottom) After increasing the
temperature to ≈50ᵒC with obvious appearance of air/gas bubbles (black) in the bottom image.
3.2.1.3.3 Fracturing of samples

The samples chosen for the study are also weakly consolidated, and so there is a risk of
fracturing with the introduction of overburden pressure. However, the axial loading is
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necessary to balance the confining pressure from the external oil jacket and the pore fluid
pressure. Despite a careful choice of the pressure setting in order to maintain the lowest
possible axial pressure, two samples (P12 and P14) fractured during imaging. A radiograph
of the fracturing of sample P14 is shown in Figure 3-3. The bright diagonal region indicates
the failure which continues to creep during the radiograph. The continuous creep is typical
for fractures and it may take several days before a meta-stable configuration is reached.
Even then the fracture may spontaneously fail once again rendering the tomogram useless.
While fracture dynamics are an interesting investigation in their own right, this line is not
pursued here and these samples have given limited data as a consequence. The propensity
of these small, weakly consolidated materials to fail remains a challenge for pore-scale
experimental imaging studies.

Figure 3-3 Radiograph of the failure of sample P14.

3.2.1.3.4 Flow blockage

A significant reduction in flow through three of the samples (P2, P9 and P30) was observed
during the experiments. An inspection of the tubing and all parts outside the pressure
chamber revealed that they were functioning normally. Neither was migration of fines nor
displacement of clay observed (a more more detailed discussion is included in Milestone
report 3.6 (Saadatfar et al., 2015)). The cause of the reduced flow is mostly likely due to the
precipitation of salt (from the brine), resulting in a greatly reduced permeability. An analysis
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of sample P9 indicated that there indeed appeared to be salt precipitating in the pore-space
and causing the blockage, as shown in Figure 3-4. Precipitation of salt during scCO2 injection
near the injection well, causing reduced formation porosity, permeaiblity and injectivity has
been predicted by numerical simulation by Pruess and Müller (2009). This is surprising
however because the salinity of the brine used in these samples was substantially lower
than used in the first 6 plugs (as described in Section 3.2.1 ) and the permeability of plug P30
is 5.9D. In the cases of sample P2 and P9, it is likely that the blockage occurred due to the
low permeabilities of these samples, 11.3 and 64mD respectively. If the brine and the scCO2
do not sufficiently equilibrate prior to injection into the rock, the scCO2 may dehydrate the
brine inside the pore space resulting in salt precipitation. This may be the reason why we
observed flow blockage in some of our experiments.

Figure 3-4. Top: a slice from the ‘Brine 2’ image for sample P9 showing the blockage which
occurred. Left: Slice from the ‘Dry’ image and Right: registered slice from the ‘Brine 2’ image for
sample P9, showing the formation of salt in the pore space.
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3.2.1.3.5 Laminations and influence on flow

The comparison of results from the laboratory and digital data in the previous program
particularly highlighted the variation in multiphase flow properties due to heterogeneity at
the millimetre and centimetre scales. The results showed that CO2 trapping could be
significantly enhanced by heterogeneity—particularly when trapping is in the form of
laminations running perpendicular to the flow direction. This could be a key potential
trapping mechanism in the Surat basin. Sample choice is quite important in the design of
appropriate flow experiments and the impact of laminations is already seen at the small
scales undertaken in this subproject. For example, Figure 3-5 shows time lapse radiographs
as the scCO2 enters the brine-saturated rock. The images were acquired at 3-minute
intervals (left to right, top to bottom), with the exception of the final image, which was
acquired after a delay of 4 hours. It can be observed that the advancing plume of scCO2
(dark grey) initially spreads rapidly until it reaches a lamination at around 1/5 from the top.
This lamination slows down the spread of the scCO2 but eventually it finds a permeable path
through this fine layer and passes through it.

Figure 3-5. A series of radiographs showing the advance of scCO2 in sample P8. Note: The images
were acquired at 3-minute intervals (left to right, top to bottom), with the exception of the final
image, which was acquired after a delay of 4 hours.

Understanding the effects CO2 of heterogeneity and lamination in the flow of brine and CO2
is one of the primary goals of the next phase of our study as proposed in Milestone report
3.6 (Saadatfar et al., 2015). The aim is to employ a multi-scale imaging approach to better
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understand the flow behaviour at larger scales. This combined with a systematic study of
flow direction and lamination orientation will provide new insight into this complex
phenomenon.

3.2.2 Image Segmentation and analysis
Segmentation of the 3D tomograms was undertaken on all the image volumes into
resolvable porosity, clay content and associated sub-resolution porosity (pores smaller than
1 voxel), and solid grains. This was undertaken using the image analysis methods outlined in
Subproject 2. CO2/brine saturation was also quantified by image registration and mapping of
gas versus water saturation during the different experimental runs. This allows the
quantification of water saturation (Sw) at each time step of the experiment, as well as
quantification of the residual scCO2 after the final imbibition.

3.2.3 Comparison and correlation of capillary trapping to rock properties;
From the image data one could also undertake multiscale pore network modelling of the
multiphase flow properties. This was undertaken near the end of the program in close
collaboration with the work in Subproject 4. The steps undertaken on each of the samples
within the current program to help generate digital data for comparison with experimental
imaging data included:


Extraction of a pore network and calculation of the associated properties:
connectivity, pore and throat radius distributions, aspect ratio.



Simulation of drainage and imbibition to extract relative permeability curves.



Comparison of simulated and experimental data, taking into account
different initial saturation states and selection of the appropriate simulation
parameters.



Analysis of residual capillary trapping across a range of rocks, searching for
possible correlations to the petrophysical properties calculated on the rocks.

Further details of the methods are given in the following chapter.

3.3 Results and discussion
Here we outline the major results from imaging and analysis methods.
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3.3.1 Imaging by µCT at the pore scale
As discussed above, digital 3D image data from micro-CT was acquired for each sample at
four stages.


An initial image was captured of each sub-plug in its initial “Dry” state.



After an initial injection of brine, a “Brine 1” image was captured.



Supercritical CO2 was then injected, followed by a “scCO2” tomogram acquisition.



Finally, to understand the trapping of CO2, another injection of brine was conducted.
A “Brine 2” tomogram was then acquired.

A summary of the attempted tomograms and their suitability to the full analysis is provided
below in Table 3-1.

Experiments were successfully completed on a range of samples with varying grain size
distribution, clay content, porosity and absolute permeability, including four experiments at
different temperatures and two experiments in the high capillary number range. A
comprehensive suite of images and analyses of all samples are available in Milestone
reports associated with Subproject 3, see Saadatfar et al. (2014a,2014b, 2015) and
Saadatfar, Cruikshank and Senden (2015)). An example of the images acquired in each state
is displayed in Figure 3-6, using P11 as a representative sample. 3D visualizations of a subset
of the sample in different saturation states are also shown in Figure 3- 7.

Table 3-1. Summary of µCT imaging, where  indicates that the tomogram is usable and 
indicates that the tomogram is not usable and full analysis indicates that the results were suited to
the entire analytical workflow

No.

Dry

Brine 1

scCO2

Brine 2

P2
P5
P6
P7
P8
P9
P11
P12*
P13**
P14
P14_2
P17
P19
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P20
P22
P23***
P29
P30
P30_2
P33









































* Note that for P12; a portion of the sample fractured and moved inside the high pressure cell, so the usable
volume is only a sub-section of the sample.
** Note that for P13; only a portion of the sample was well saturated, so the usable volume is only a subsection of the sample.
*** Note that samples for P23 and P33 experiments were conducted to investigate the high capillary number
regime of the secondary imbibition (Brine2). This resulted in close to 0% residual CO2.

Figure 3-6. Tomographic slices of the 4D µCT imaging of sample P11; from left to right the "Dry"
image, the initial brine injection "Brine 1" image, the supercritical CO2 injection "scCO2" image,
and the final brine injection "Brine 2" image.
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Figure 3- 7. 3D visualisations of a subset of sample P11 at different saturation states; (a) Dry image
with grains (yellow) and clay (green), (b) the corresponding pore space after water saturation—
brine is blue and a small amount of gas (red) is noted. (c) shows the image after injection of
supercritical CO2 injection “scCO2” image, with scCO2 (red), and (d) the corresponding pore space
from the “Brine 2” image.

Although some difficulties were encountered with image quality and experimental reliability
for some of the samples, a total of thirteen successful experiments were completed which
included the acquisition of high quality 3D images at each of the four experimental stages
(Table 3-3). The experiments involving samples P23 and P33 were carried out at high
capillary number regime for the secondary imbibition (Brine2) resulting in close to 0%
residual CO2. Here we report only the results on 11 samples excluding the two experiments
carried out at high flow rate experiment.

3.3.2 Segmentation of tomograms and quantification in 3D
Segmentation of the tomograms has been performed for all thirteen samples listed in Table
3-2, using the methodology described in Chapter 3 of this report (also outlined in Appendix
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A of Milestone report 3.6, Saadatfar et al. (2015)). For the purposes of this sub-project, it
was not necessary to segment the tomograms into all X-ray distinct phases. Therefore, each
“Dry” tomogram was segmented into only three phases: solid, clay, and pore. Assuming the
clay phase has a 50% porosity enables one to predict the image-based porosity on the subplug and compare directly to Helium porosity obtained experimentally on the larger plug—
the results are generally in excellent agreement (within 2 p.u.).
The pore space was then further segmented into the brine-filled and non-brine-filled regions
in the remaining three images of the series (“Brine 1”, “scCO2”, and “Brine 2”). In the last
two images of the series, it is assumed that the non-brine-filled regions are filled by scCO2
which has a low X-ray attenuation. Slices from the segmentation results are shown for
sample P11 in Figure 3-8. One can clearly differentiate the proportions of the solid, clay, and
pore phases in the “Dry” tomograms of the samples suitable for full analysis. The brine
saturation in each of the subsequent tomograms is displayed for each sample in Table 3-3.
Image based predictions of residual scCO2 saturation in the final image of the series (“Brine
2”) is also presented in Table 3-3 4. Note that samples reported as being ‘problematic’ are
still included. The likely scenario here is that the CO2 and brine were not properly
equilibrated prior to injection to the sample. For more information please see Milestone
report 3.6 (Saadatfar et al., 2015).

Figure 3- 8. Segmented slices of µCT imaging of sample P11; from left to right the "Dry" image, the
initial brine injection "Brine 1" image, the supercritical CO2 injection "scCO2" image, and the final
4

Samples P5, P17 have poor initial brine saturation. These two samples show higher percentage of residual scCO2 than the
initial scCO2 injection (imbibition stage). We believe the large residual reflects that dissolved air is coming out of the Brine2
solution at elevated temperature and combines with the scCO2 phase. The solubility of gas in liquid is inversely
proportional to the temperature. So the gas saturation at ambient temperature is higher than under super critical
conditions, thus the gas comes out of solution.
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brine injection "Brine 2" image. Note: The solid phase is shown in light grey, while the clay is
shown in dark grey. Any brine is shown as white, while the black phase represents either air filled
open porosity (left two images) or scCO2 filled pore space (right two images). It should be noted
that it is not possible to distinguish between air and scCO2 filled pore spaces.

Table 3-2. Three phase segmentation results as volume percentage, where resolved porosity refers
to voxels that are entirely filled by pore space.

Plug
Number
P5
P6
P7
P11
P12
P13
P14_2
P17
P19
P20
P22
P30_2

Resolved
Porosity
7.4%
17.6%
14.0%
18.7%
21.5%
22.7%
17.6%
18.3%
11.6%
23.3%
16.6%
23.0%

Clay content
16.9%
8.9%
7.5%
7.6%
3.1%
4.4%
8.0%
8.1%
4.6%
2.5%
8.3%
3.1%

Solid
Grains
75.7%
73.5%
78.5%
73.8%
75.4%
72.9%
74.4%
73.6%
83.8%
74.2%
75.2%
73.9%

Image
Porosity
15.9%
22.1%
17.8%
22.5%
23.0%
24.9%
21.6%
22.4%
13.9%
24.6%
20.8%
24.2%

Helium
Porosity (lab)
16.2%
22.5%
18.6%
22.9%
22.6%
22.1%
21.9%
22.9%
17.3%
23.0%
22.2%
24.2%

Table 3-3. Brine saturation results for the resolved porosity at each experimental step, and the
final residual scCO2 saturation.

Plug
Number
P5
P6
P7
P11
P12
P13
P14_2
P17
P19
P20
P22
P30_2

Brine 1 Saturation
53%
97%
82%
91%
97%
97%
100%
38%
93%
74%
100%
100%

Brine Saturation
in scCO2 image
50%
43%
23%
56%
54%
64%
63%
47%
11%
53%
42%
46%

Brine 2 Saturation
41%
65%
66%
75%
54%
66%
57%
69%
24%
71%
85%
61%

Residual scCO2
Saturation
59%
35%
34%
25%
46%
34%
43%
31%
76%
29%
15%
39%

Visual evidence from the tomograms indicates that the clay in each sample absorbs brine in
the “Brine 1” image, and this brine is never replaced by CO2 in the subsequent experimental
steps. An example of this is shown in Figure 3-9.
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Figure 3-9. A clay-rich region from the 4D time series imaging of sample P11; "Dry" (Top left),
initial brine injection "Brine 1" (Top right), supercritical CO2 injection "scCO2" (Bottom left), and
final brine injection "Brine 2" (Bottom right); field of view is 1.3 x 1 mm.

3.3.3 Comparison and correlation of capillary trapping to rock properties
In addition to the porosity, there are a range of other petro-physical properties that might
affect the scCO2 trapping capabilities of the rock (Pentland 2010). To ascertain these
properties, a pore network was extracted from the maximum inscribed cube (which is the
largest cube that can be extracted from the cylindrical sub-plug image) obtainable from the
segmentation of the “Dry” tomogram for each sample. The methodology used has been well
described in previous work (Bakke and Øren 1997, Øren, Bakke and Arntzen 1998, Lopez et
al. 2010, Øren and Bakke 2002) and detailed at length in Subproject 4 (Sheppard, Palamara
and Averdunk, 2015). An example of the maximum inscribed cube and the corresponding
pore network model for sample P11 is shown in Figure 3-10.
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Figure 3-10. Left: Maximum inscribed cube from the segmentation of P11. Right: The
corresponding pore network model. The cube volume is 3.6 mm3.

From this pore network model, a range of statistics can be computed: the pore radius
distribution, the throat radius distribution, the connectivity (number of throats connected to
a pore), and the aspect ratio (ratio of pore diameter to throat diameter). The pore network
statistics are listed in Table 3-4. One can compare the experimental CO2 saturation data
generated to measures of pore network statistics—some examples of results have been
plotted in Figure 3-11. The most reliable data points are plotted as green diamonds, while
results with some complications (discussed in section 3.3.1) are indicated by red crosses for
the experiments with higher residual scCO2 than initial scCO2, blue triangles represent
samples with a poor initial saturation and the yellow square represents sample P19 with a
very high initial and residual saturation. The results presented in Figure 3-11 show a subtle
increase in CO2 capillary trapping with increasing porosity. Moreover, Figure 3-11 indicates
that residual scCO2 is directly proportional to the pore and throat sizes and no correlation to
pore-to-throat aspect ratios. These results are in line with other studies (Chaudhary et al.,
2013), which show similar trends in strongly water wet systems.
Table 3-4. Pore network statistics

No.
P5*
P6
P7
P11
P12**

Average Pore
Radius
(µm)
N/A
20.2 µm
18.4 µm
18.2 µm
24.7 µm
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Average Throat
Radius
(µm)
N/A
14.1 µm
12.7 µm
11.3 µm
17.5 µm

Connectivity

Aspect Ratio

N/A
3.67
3.48
4.04
3.97

N/A
1.43
1.45
1.61
1.41
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P13
P14_2
P17
P19
P20
P22
P29
P30_2

27.5 µm
20.1 µm
27.9 µm
17.4 µm
20.6 µm
17.1 µm
34.0 µm
29.8 µm

17.2 µm
12.2 µm
17.1 µm
11.7 µm
14.5 µm
10.4 µm
22.1 µm
19.5 µm

4.36
3.75
3.92
3.76
4.26
3.71
3.47
4.37

1.60
1.65
1.63
1.49
1.42
1.64
1.54
1.53

* Note that we were unable to get a large enough volume which percolated, this was likely due to the low
resolved porosity and high clay percentage.
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Resiudal scCO2 Saturation

Residual scCO2 Saturation

** Note that for P12; a portion of the sample fractured and moved inside the high pressure cell, so the usable
volume is only a sub-section of the sample. As a result, it is not possible to extract a sufficiently representative
volume within the maximum inscribed cube to allow representative statistics to be calculated.

0.6
0.5
0.4
0.3
0.2
0.1
0

0.6
0.5
0.4
0.3
0.2
0.1
0

0

0.05

0.1

0.15

0.2

0.25

0

10

30

40

Avg. Pore Radius (µm)

0.8

0.8

0.7

0.7

Resiudal scCO2 Saturation

Resiudal scCO2 Saturation

Porosity (fraction)

20

0.6
0.5
0.4
0.3
0.2
0.1
0

0.6
0.5
0.4
0.3
0.2
0.1
0

1.3

1.4

1.5
Aspect Ratio

1.6

1.7

0

5

10

15

20

25

Avg. Throat Radius (µm)

Figure 3-11. Plots of rock properties against the residual scCO2 saturation: green diamonds
represent successful experiments; red crosses represent experiments with higher residual scCO2
than initial scCO2 (P12, P14_2 and P29); blue triangles represent samples with a poor initial
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saturation (P5, P17); the yellow square represents sample P19 with a very high initial and residual
saturation.

An important factor which impacts on the value of the residual saturation of scCO2 is the
initial saturation of scCO2 after the drainage step (injection of scCO2 into brine-saturated
sample). Previous work has shown (Pentland 2010) that there is a strong relationship
between initial and residual saturations. The experimental results for the initial-residual
relationship are shown in Figure 3-12 and are seen to be reasonably consistent with
Pentland’s data.

Resiudal scCO2 Saturation

0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0
0

0.2

0.4

0.6

0.8

1

Initial scCO2 Saturation

Figure 3-12. Left: A plot of the experimental residual and initial scCO2 saturations with the symbols
described in Figure 3-11; and Right: A plot of Land's relationship between initial and residual
saturation (Pentland, 2010).

Additionally, drainage and imbibition simulations can be run to obtain the relative
permeabilities to scCO2 and brine. Drainage and imbibition simulations were also run on the
pore network models. The predicted relative permeability curves for drainage and
imbibition for Sample P11 is shown in Figure 3-13. The red data points indicate the relative
permeability of scCO2 and the blue data points indicate the relative permeability of the
brine. It is possible to improve the quality of these curves by fitting theoretical curves (i.e.
the LET correlation by Lomeland et al., 2005). The simulations were run assuming a brine
density of 1040 kg/m3, a scCO2 density of 446 kg/m3, and an interfacial tension of 33.9
mN/m (Ramstad et al., 2010). These conditions were selected as standard baseline for
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comparing results. A full discussion of the appropriate parameters and simulation methods
are given in the next Chapter.

P11 Drainage

P11 Imbibition

Figure 3-13. Relative permeability curves for simulated primary drainage (left) and imbibition
(right) shown here for sample P11.
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3.4 Conclusions
This report presents pore scale micro-CT investigation of the CO2 capillary trapping
mechanism in strongly water-wet sandstone rocks. Pore scale imaging of scCO2-brine
flooding was a significant challenge due to the experimental complexity couple with in situ
3D imaging.
Sufficient experiments were successfully completed on a range of samples with varying
grain size distribution, clay content, porosity and absolute permeability, including two
experiments in the high capillary number range. It should be noted, however, that
experiments were not repeated on the same core due to issues with hysteresis and trapping
effects when conducting multi-phase fluid experiments. In addition, some samples become
impermeable after the second imbibition, thus making them unsuitable for repeat
experiments.
Our unique position with state-of-the-art image processing and numerical fluid flow
simulations has allowed us to better understand the experimental data and correlate the
results to pore/grain geometry. Some of the main findings of this study are as follows:


Clay (primarily kaolinite) remains fully brine saturated throughout the experiments.
As a result, CO2 residual trapping is reduced in rocks with higher clay content;



Residual CO2 is proportional to porosity and pore/throat sizes;



High flow rate (>0.5cc/min) in the secondary imbibition stage (Brine2) results in the
complete expulsion of CO2 from the rock yielding ~0% CO2 trapping (2 experiments);



If the secondary imbibition stage (Brine2) was imaged at room temperature, this
resulted in slightly smaller brine saturation than when imaged at reservoir
temperature (4 experiments);



Time lapse study of the 2D X-ray projections shows that heterogeneity/laminations
can slow down the progress of CO2; and



The net residual trapping potential depends on the initial saturation of scCO2, and
therefore, the mechanism for scCO2 flow during its injection is important.

While our findings suggest that pore-scale experiments are critical for understanding and
predicting the eventual success of geological storage of CO2, we note that the following
parameters are also extremely important for better understanding the nature of CO2-brine
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flooding and their co-existence in the rock. A possible future study of such systems should
include the following:


Measurement and quantification of CO2-brine-rock contact angles in the rock
directly from 3D images5; and



Understanding the effect of heterogeneity and lamination in the flow of brine and
CO2. To this end, a multi-scale imaging approach may be necessary.
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Chapter: 4 Derive faster and cheaper model-based analyses of
flow, storage and CO2:brine displacements in different rock types
via reliable image-based modelling.
4.1 Overview
The goal of ANLEC 0128 Sub-Project 4 was to develop a suitable alternative, or at least a
valuable complement, to laboratory core-flooding using imaging and modelling. This has
been achieved with the development and implementation of pore-network based modelling
methods with improved accuracy that provide estimates of the ability of the aquifer to trap
CO2 within individual pores as residual saturation of CO2, a storage mechanism that is
important for the successful long-term storage of CO2.
Sub-Project 4 consisted of a series of investigations into two-phase flow modelling and
builds on the technology review of current two-phase flow modelling that was presented in
Milestone Report 4.2 (Sheppard and Palamara, 2014) and on the new methods, results and
comparisons described in Milestone Reports 4.3 and 4.4. (Sheppard and Palamara, 2015 and
Sheppard, Palamara and Averdunk, 2015).
Specifically, the results of two-phase flow modelling of dynamic properties for selected West
Wandoan 1 (Surat Basin) samples were undertaken—the samples studied and the analyses
undertaken are outlined in Figure 4-1. In this chapter we review the methods used in
analysing the plugs under the subproject. We also provide a quantitative comparison
(Section 4.2.3.4) between the results and the logistics (time and cost inputs) of image-based
modelling and conventional laboratory core-flooding. Section 4.3 describes the results of the
subproject including calibration work with published data and results for a large number of
Precipice Sandstone samples—the latter analysis includes a comparison of digital analysis
with the Special Core Analysis (SCAL) results from Sub-Project 1 and the core-flooding and
imaging results from Sub-Project 3. We conclude and list the outcomes of the subproject in
the last two sections.
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Figure 4-1 Shaded boxes show which samples were examined under ANLEC Project 0128 SubProjects 1, 2, 3, 4 and 6. The samples marked under Sub-Project 4 (Dynamic Modelling) are the
focus of this report.
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4.2 Methods: network modelling of two-phase flow
For this project, modelling of two-phase
flow is performed using percolation
based pore-network models. The reasons
behind this choice, along with extensive
analysis of the advantages and limitations
of percolation based network modelling,
can be found in section 5 and 6 of the
Milestone 4.2 report (Sheppard and
Palamara, 2014) and section 3 and 4 of
Milestone 4.3 (Sheppard and Palamara,

Figure 4-2. Representation of a pore network, extracted
from sample P11, showing a sphere for each pore body
and a tube for each pore throat in the rock sample. This
To create a pore network that is
is from a smaller subset to allow easier visualisation.

2015).

representative of a rock’s pore space one
must first obtain a μCT image that captures both the main flow channels (i.e. the channels
which, together, account for the vast majority of the fluid permeability) as well as the finer
structure in which the wetting menisci will reside (Sheppard et al., 2005, 2006).
The technique described in Bakke and Øren (1997) is used to extract a pore network from a
3D μCT image that captures the essential structure of the rock sample. This network
contains a node (vertex) for each pore body and a link (edge) for each pore throat. Many
geometric parameters (for example, radius, volume, shape factors) are extracted for each
pore body and pore throat during this process, enabling one to estimate the hydraulic
conductivity of each pore space element, from which the permeability of the rock space can
be computed. Many topological and geometric characteristics of the pore space can also be
computed from the pore network, such as distribution of pore and throat sizes, distribution
of pore throat aspect ratios and distributions of pore coordination numbers.
The geometric characterization also enables one to derive relationships between capillary
pressure and saturation, and to estimate hydraulic conductivity of each pore space element
at partial saturation. Of critical importance for the modelling of drainage and imbibition
processes, as required for modelling the dynamics of saturation changes in the CO2:brine
system, is determining, for each pore and throat within the network, the threshold capillary
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pressure values at which the principal fluid occupying that pore element will change
suddenly (e.g. the pressure at which Haines jumps occur during drainage or throat snap-off
will occur during imbibition). Models for thresholds during drainage are relative
straightforward and have been accepted in the literature for more than a decade (Øren and
Bakke, 2003). Imbibition presents a much greater challenge, and a new pore-filling algorithm
for imbibition has been developed, in part for this project, that enables variation in contact
angle to be correctly modelled for the first time (see Appendix A of Milestone Report 4.3,
Sheppard and Palamara, 2015).
4.2.1.1 Interfacial tension
A value of 35 mN/m was chosen for the interfacial tension as being appropriate for the
conditions in the injection aquifer. As discussed in Milestone 4.2 (Sheppard and Palamara,
2014), this value is weakly dependent on pressure, temperature and brine salinity, and in
addition it plays a relatively small role in two-phase flow dynamics, have essentially no effect
on relative permeability. Contact angle is a far more critical parameter that will have a
dramatic effect on relative permeability and residual trapping. Since the effective contact
angle in a given pore space can vary due to surface roughness and chemical variation, it is
standard practice in network modelling to randomly allocate a somewhat different contact
angle to each pore. This is done by setting the contact angle in each pore element to a value
sampled at random from a distribution of possible contact angles.
4.2.1.2 Contact angle
Consistent with conclusions from Milestone 4.3 (Sheppard and Palamara, 2015), the
drainage simulations use a uniform distribution of contact angles in the range 0° to 25°. For
imbibition (water flooding), three different narrow ranges for the contact angle were
chosen: 20° to 25°, 40° to 45° and 60° to 65°. These ranges fall within the range of contact
angles reported in the literature for CO2 on quartz surfaces and encompass the tentatively
predicted value of 33° from Palamara et al. (2015: 522) that neglects the potential presence
of trace minerals but accounts for thermo-physical conditions for the Precipice Sandstone
(that is, 60°C, 12 MPa, 0.01 mol/L salinity). In addition, as shown in Section 4 (3c), the
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modelling results presented here on Precipice Sandstone provide a good match for
experimental data as long as contact angles below 40° are assumed.

This contact angle range is slightly lower than Al-Yaseri et al. (2015a), who found an
advancing contact angle of 47° for CO2 on quartz in a higher salinity brine (0.09 mol/L) at 13
MPa, and 60°C. However, within uncertainty, this is in agreement with the more recent
results of Al-Yaseri et al. (2015b), which consider the lower salinity situation and report
advancing contact angles of up to 50° at storage conditions compared with 0° at ambient
conditions. These important recent studies show that contact angle appears to be quite
sensitive to many environmental conditions, including pressure, temperature, mineralogy
and brine salinity. Indeed, brine salinity is one of the main factors contributing to changes in
contact angle in reservoir conditions, as shown in their Figures 6 and 7 (for reservoir
conditions of 10 MPa and 50°C and 70°C respectively). For a low NaCl brine situation, such as
what is encountered in the Precipice Sandstone (0.01 mol/L is a reasonable estimate), AlYaseri et al. (2015b) show advancing contact angles between 30° and 34° (their Figure 6),
which conform with the range predicted in Palamara et al. (2015) (even after considering
the 10° temperature difference between the two studies) and also conform to what was
used in the modelling in this report.
It is important to mention, that it is primarily the imbibition process that is sensitive to
contact angle; the drainage contact angle in the modelling process will scale the capillary
pressure but not affect the dynamics of the fluid displacement. The change in contact angle
and capillary pressure results only in localised changes in the wetting phase configurations
that are completely reversible within the model and therefore do not persist into the
subsequent imbibition. This is because, during drainage, the invading non-wetting phase
will always invade that largest accessible pore-throat, independent of the contact angle, as
long it remains the 'non-wetting' phase. Therefore residual trapping values, at the end of
imbibition are entirely insensitive to the contact angle chosen during drainage.
While the recent studies referred to above do not change our work - largely due to the low
salinity conditions of the aquifer - we recognise the importance of this work quantifying
contact angles, since many rocks with more complex mineralogy and different
environmental conditions may indeed have higher contact angles, and this may significantly
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impact CO2 storage. We anticipate, therefore, that although a clearer picture of CO2:brine
wettability is now emerging, any significant injection programmes will require some
calibration of wettability through SCAL and/or related experiment.
4.2.1.3 Solubility
It should be stressed that the model assumes complete immiscibility of the fluid phases.
That is, it assumes that the fluids do not dissolve in one another to any degree, nor do they
react with the rock. Solubility at the pore scale is an important issue for experiments and has
been a constant issue for the experiments carried out in sub-project 3. Changes in
temperature or pressure affect the equation of state, and cause dissolution of small bubbles
on a time scale of hours. There is some discussion of this issue in the Milestone 3.3 report
(Saadatfar et al., 2015). However, in far-from wellbore conditions, the fluids are relatively
well equilibrated and the timescales for dissolution of the fluid phases are longer than those
for residual trapping. Therefore, it is reasonable to assume complete immiscibility for the
pore-scale modelling conducted here. On larger scales the timescales for dissolution and
residual trapping will often overlap, so future studies considering the upscaling of these
results will need to consider solubility trapping.
While there are, in principle, free parameters involved in the extraction of a representative
pore network and the construction of a pore-scale model using that network, appropriate
values for these parameters were finalised some years ago and are no longer varied in any
way. Therefore, we stress that the network modelling work presented here involves no
fitting parameters of any kind and we make explicit our choice of physical parameters.

4.2.2 Simulations performed
The percolation-based pore-network modelling of two-phase drainage and imbibition was
performed following the methodology described in Øren and Bakke (2003), with
modifications as described in Appendix A of Milestone report 4.3 (Sheppard and Palamara,
2015) and parameters as described above. The simulations mimic the effect of closed
boundary conditions on the side of the core and a capillary barrier, equivalent to that used
in porous-plate capillary-pressure experiments, at the outlet that allows capillary pressure to
rise without any non-wetting fluid exiting the sample. This is essentially equivalent to a
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porous-plate type capillary-pressure experiment, with the advantage that relative
permeability can be computed at regular intervals since the spatial distribution of the two
fluids through the pore space is known.
The simulations consisted of primary drainage followed by secondary imbibition, which
commenced from the drainage endpoint. For computing initial-residual trapping curves, the
drainage simulation was stopped at a predetermined water saturation. At regular points the
relative permeability for each fluid phase was computed by allocating a fluid conductance to
each pore element then solving Darcy’s equation across every network link while conserving
fluid volume at each network node.
During drainage the brine is assumed to connect throughout the network at all times. The
drainage process can, in principle, continue to infinite capillary pressure and near-zero brine
saturation. However the simulations are only worthwhile down to a certain water
saturation; below this point the assumptions of crevice geometry govern the shape of the
curves. In addition, the network model assumes that any ‘microporosity’ (that is, subresolution porosity identified by tomographic image analysis) remains filled by water at all
times. We emphasise that any image-based method will fail at sufficiently low wetting-phase
saturation since at low saturation the wetting phase is driven to the smallest features of the
pore space.

4.2.3 Comparison of methods: numerical modelling vs SCAL
In ANLEC project 0128 the dynamics of two-phase flow within Precipice core samples has
been explored in three ways:
1.

Traditional SCAL core flooding on 25 mm core plugs (Sub-Project 1)

2.

X-ray micro-CT imaging of core flooding on 6 mm sub-plugs(Sub-Project 3)

3.

Image-based pore-network modelling (PNM) on sub plugs (Sub-Project 4; this report)

Each of these approaches has its own advantages and challenges that are summarised below
4.2.3.1 Traditional SCAL
A number of ongoing challenges have been identified and reported in core-flooding
experiments such as those performed during SCAL procedures. Many of these are outlined
in the review by Benson et al. (2013) and include:
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The need to use high flow rates to avoid capillary end-effects, in contrast to
conditions far from wellbore where the flow rates are low. Capillary end-effects are
“[t]he most common source of problems encountered in core flooding tests…”
(Benson, et al., 2013: 29). The capillary end effect, which results from the condition
of zero capillary pressure at the outlet, can be reduced by running experiments at
higher flow rates. The mechanism for this can be understood as follows: the low
capillary pressure leads to higher wetting-phase saturation near the outlet. In this
region, the wetting-phase relative permeability is elevated and the non-wetting
phase relative permeability is reduced. Therefore, travelling back along the core from
the outlet, the non-wetting-phase pressure rises more quickly than the wettingphase pressure, until the non-wetting-phase saturation and capillary pressure reach
their 'steady state' values. Since all pressure gradients are proportional to flow rate
(Darcy's law), the distance from the outlet at which equilibrium is reached will be
inversely proportional to the flow rate.



The inability to achieve high capillary pressures for unfavourable mobility ratios such
as CO2:brine, which is expected to be a common phenomenon among core-flooding
studies (Krevor et al., 2012: 1, 13).



Steady state methods are very slow due to the need to wait for equilibration for
every new data point. Unsteady state methods are faster but relative permeability
curves can only be extracted by history matching the experimental data, and this
interpretation can be questionable, particularly for heterogeneous samples.



Differences between two-phase core flooding methods for relative permeability,
which have no capillary barrier and are conducted at high flow rates to minimise
capillary end effects, and the porous plate method for capillary pressure, which is
conducted very slowly and with quite different boundary conditions.



An inability to deal with heterogeneity due to a lack of knowledge about the
heterogeneity within a particular sample and its effect on flow. As Müller (2011: 371)
indicates, heterogeneity is particularly problematic because (a) it is ubiquitous in
natural samples and (b) interpretation tools cannot compensate for these effects.
Conducting experiments inside medical CT scanners (that is, combining core-flooding
with imaging) is a powerful but expensive method that can resolve this issue. This
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does not provide pore-scale information but rather enables core-scale heterogeneity
to be mapped (Benson et al., 2013: 26).
In Sub-Project 1, core flooding was performed with the flow direction perpendicular to the
laminations. This is an unconventional approach and has its shortcomings. However flooding
parallel to the laminations would have had its own drawbacks since it is unknown whether
the flow has proceeded preferentially along certain laminations while bypassing others.
Regardless of the flow direction, heterogeneity presents a major difficulty for traditional
SCAL.
4.2.3.2 Direct pore-scale imaging of core-flooding
Imaging the displacement processes occurring at the pore scale during a flooding
experiment, would add enormously to the value of the experiment since the measured flow
properties could be related to pore-scale causes such as pore microstructure or fluid
wettability. This pore-scale imaging of the scCO2:brine system within the pore system of
Precipice Sandstone has been the focus of Sub-Project 3.
However, imaging-based studies of core-flooding introduce a further set of technical
difficulties described in the Milestone 4.4 report (Sheppard, Palamara and Averdunk, 2015).
Due to these challenges, along with the standard suite of difficulties associated with core
flooding with supercritical CO2, the imaging undertaken in Sub-Project 3.3 of this project has
proved time consuming. Nevertheless, these experiments form an important supplement for
other data collected in this project and can be used as a basis of comparison and validation
of the pore-network modelling Sub-Project 4.
Full details of the experimental parameters are listed in the Milestone 3.3 report for ANLEC
Project 0128 (Saadatfar et al., 2015). In brief, pore pressures of 1,350 psi and temperatures
of 55°C were used for the supercritical CO2 residual trapping experiments in which eight
plugs where flooded inside the μCT instrument at the Australian National University When
challenges are overcome, the process of 3D imaging of core-flooding can yield valuable
insights into CO2 storage, and particularly residual trapping mechanisms.
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4.2.3.3 Image-based modelling
Image-based modelling, in which static images that capture the pore system geometry are
used for the extraction of representative pore networks in the workflow described in Section
0. These studies have a complementary set of challenges to the previously described
methods; these challenges were described in Chapter 4 and Section 5.6 of Milestone Report
4.2 (Sheppard and Palamara, 2014) and include:


Image segmentation (that is, “the procession of converting [an image] in which the
different phases are represented by range of grey-scale values to one in which they
are each assigned a single integer values”, each one corresponding to a different
discrete phase or material (Brown et al., 2014: p. 172). For complicated samples
and/or limited image resolution, the uncertainty associated with image
segmentation can be very high.



image resolution and sample size – for images with 2000 voxels across, the voxel size
is limited to being 2000 times smaller than the imaging field of view, for a 5 mm
sample the voxel size is limited to 2.5 microns. Any pore system features smaller
than two or three voxels will be unresolved and cannot therefore be directly
accounted for in the modelling. Including sub-resolution features into modelling is an
upscaling process.



difficulties of low permeability samples where very high resolution is required to
capture the main flow pathways in the pore system, obliging the use of very small
samples (due to the trade-off between resolution and field of view mentioned
above), which are generally unrepresentative.



modelling of two-phase fluid displacements at the pore-scale is extremely difficult
and demands choices between computationally expensive simulation methods and
network methods, with both methods having significant limitations. Direct
simulation of the Navier-Stokes equations for multiple fluid components would have
consumed millions of CPU hours and was not feasible for this project.

Fortunately, none of these limitations are insurmountable for the Precipice Sandstone from
the West-Wandoan well, so that reliable image-based modelling of two-phase properties
has been achieved using percolation-based pore network models. As is discussed in the
following section (Section 4.2.3.4), as well as having a complementary set of limitations such
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modelling offers a complementary set of advantages and is therefore an extremely valuable
adjunct to laboratory SCAL.
4.2.3.4 Modelling versus experiment: comparative analysis of time, cost and benefit
The Milestone 4.4 report (Sheppard, Palamara and Averdunk, 2015) included a detailed cost
breakdown for RCA and SCAL work (provided by Weatherford) as well as pricing for Digital
Core Analysis (DCA) provided by FEI Australia. It can be seen that the overall cost of
laboratory SCAL and DCA is remarkably similar. However, the timing is very different, with
SCAL having a 12-month turnaround time compared to 3-months for DCA, with preliminary
DCA results available within weeks in cases where a rapid turnaround is required.
RCA alone is far cheaper than both SCAL and DCA and so if only static properties are of
interest, it is not likely to be worthwhile performing DCA. However, for the geological
sequestration of CO2, where supercritical fluid is injected into a water-filled aquifer, such
static information is of very limited value.
As this Sub-Project has revealed, DCA can provide a far higher level of understanding of
one’s SCAL results. So, aside from the advantage of rapid turnaround, there are many
reasons for complementing laboratory analysis with DCA, that are described below.
4.2.3.5 Complementary shortcomings
As was discussed in Section 4.2.3, the shortcomings of laboratory SCAL are entirely different
to the shortcomings of image-based modelling. Therefore, as long as an appropriate
reconciliation can be made between modelling and experimental results, then DCA can
provide a powerful complement to SCAL, often providing information in precisely those
places where experiment was less helpful.
This has been particularly powerful within this study. The differences between modelling
and experiment have been able to be ascribed to flow rate, experimental limitations and to
sample size / heterogeneity, with a high level of confidence. As a consequence, the validity
of the modelling has been established, so it can then tell us about circumstances
inaccessible to experimentation such as:


low flow rate conditions, as appropriate far-from-wellbore, where the water relative
permeability is lower and the CO2 relative permeability is higher,
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high capillary pressures and corresponding high CO2 saturations, as can be expected
in the aquifer,



the effect of contact angle on residual trapping.

4.2.3.6 Sensitivity analyses
It should be emphasised that the cost breakdown for DCA and SCAL are very different, even
though the final price is similar. With DCA the major expense lies in creating and segmenting
very large, high quality 3D images. Once the image has been acquired and segmented, then
the marginal cost of performing percolation-type modelling is very low, enabling one to
explore the effect of various parameters.
The power of this is shown in Figure 4-3 where we are able to explore the effect of contact
angle on residual trapping efficiency. This figure is the result of dozens of simulated floods,
with each data point representing a drainage followed by an imbibition. This large number
of floods has been performed for every sample from the Precipice Sandstone (see
Appendices B, C and D of the final report (Sheppard, Palamara and Averdunk, 2015)),
equating to over 1000 simulated floods, something that is effectively impossible in a
laboratory program.
4.2.3.7 Relating properties to microstructure
In SCAL one merely obtains a point or a curve for a sample, and it can be very difficult to
interpret the result, particularly if it is significantly different from results from plugs believed
to be similar. In practice, such data points are often discarded; without an understanding of
the cause of such outliers there is no effective means to include them in aquifer-scale
modelling.
An image-based approach enables one to collect a great deal of information on why a
particular sample gives the results it does. For example, one can characterise a great many
morphological measures.
In addition, the combination of imaging and modelling enables a quantitative interpretation
of the effects of heterogeneity that is simply only available because the imaging provides 3D
mapping of structure. In this project, we have taken some steps in this direction and we
outline a more concrete pathway for quantifying heterogeneity and its effects in Section 0.
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4.3 Results
4.3.1 CO2:Brine-wetting states
A sophisticated statistical analysis of published contact angles for CO2 and brine on quartz
was conducted for this project. This analysis highlighted the uncertainties that prevail in
laboratory-based measurements of wettability. The effect of hysteresis remains somewhat
unclear due to the relatively small number of studies, though there is a strong suggestion
that advancing contact angles are greater than receding contact angles. A mixed-effects
regression model tentatively yields an estimate of an increase in contact angle of about 13°
for advancing conditions for CO2 on quartz compared to receding conditions (with constant
temperature, pressure and salinity). As outlined in the Milestone Report 4.3 report
(Sheppard and Palamara, 2015) and in Palamara et al. (2015), inconsistent experimental
conditions behind published measurements of CO2 contact angles on quartz have meant
that there is no widespread agreement, although comprehensive recent studies by the
Iglauer group at Curtin (Sarmadivaleh et al., 2015; Al-Yaseri et al., 2015; A-Yaseri et al., 2016;
Arif et al., 2016), that were too recent for inclusion in the statistical analysis, have
significantly reduced the uncertainty. Both this new work and the statistical modelling
suggest that contact angles for the Precipice Sandstone at Surat Basin conditions (averaged
over both advancing and receding conditions) is around 33° (Palamara et al., 2015).
The Surat Basin flooding data from ANLEC Sub-Project 1, and particularly the water relative
permeability curves, also provide evidence for a strongly water wet system. After modelling,
it was evident that a contact angle of less than 40° was required to allow the modelled
results to match the experimental data for both Berea Sandstone and Precipice Sandstone.
This is in accordance with the above core-flooding data and from visual inspection of fluid
interfaces captured by x-ray micro-CT images of Precipice Sandstone during core-flooding
for Sub-Project 3.3. Water wet conditions are also strongly indicted by a review of residual
saturation measurements for supercritical CO2 from core-flooding experiments in sandstone
cores, which found values of around 20% to 24% (see Table 6 of the Milestone 4.3 report,
Sheppard and Palamara, 2015, p. 37).
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4.3.2 Berea Sandstone
The suitability of the network modelling approach was tested using sample of Berea
Sandstone provided by ANLEC R&D; Berea Sandstone is the most widely used outcrop rock
in the core analysis and geosequestration community as a representative analogue. The
results (presented in Milestone 4.3 report, Sheppard and Palamara, 2015, p. 43-49) provided
valuable insights into contact angle for the scCO2:brine system, the effect of flow rate and
for establishing the model validity, specifically:


Pore-network modelling agrees, within experimental scatter of 10-20%, with
experiment for flow rates less than about 5 metres/day;



Experimental initial-residual trapping curves (Figure 4-3) are also matched within
scatter by network modelling for a water-advancing contact angle between 20° and
40°.



For Surat Basin conditions, the CO2 residual
trapping capacity of Berea Sandstone is
around 30%, assuming high capillary
pressures are reached during the CO2
injection.



Core-flooding experiments are fundamentally
limited to low capillary pressure.



The new, percolation-based pore-network
model (PNM) provides good agreement to
literature Pc, kr and initial-residual trapping
curves without fitting parameters.

One notable insight from the Berea Sandstone
modelling work relates to flow rates and relative
permeability. The standard wisdom is that increased
flow rate increases relative permeability due to
reduction in capillary fingering, as is the case of brine

“At sufficiently high flow rates the mobility
ratio can have a dramatic effect on the
resulting displacement patterns (Lenormand et
al., 1988). However, at low flow rates (again,
-6
capillary number Ca < 10 ), mobility ratio will
have little or no effect on the relative
permeability of either fluid phase because each
fluid flows in separate pathways, and the two
streams do not influence each other. At higher
capillary numbers, there is hydraulic coupling
between wetting phase flowing in thick films
and the non-wetting phase flowing in the
central portion of the pores, particularly at
lower wetting phase saturations. This results in
an effective viscosity for the non-wetting phase
that is influenced by the wetting phase
viscosity, so that the relative permeability of
the non-wetting phase decreases with
decreasing mobility ratio. The wetting phase
relative permeability is not affected by the
mobility ratio to the same extent since it has
extensive contact with the immobile rock
surface. The magnitude of these changes will
depend on both the rock structure and the
wettability conditions.”

relative permeability in the CO2:brine system.
However, a moderate increase in flow rate is likely to
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result in a decrease in the CO2 relative permeability, since it will result in increased hydraulic
coupling between the CO2 and the far more viscous brine. This is, in fact, completely
consistent with the experimental and modelling results of this project, which show that the
experimental flow rates were slightly outside the capillary dominated regime (see Figure 44). This effect of flow rate on relative permeability was described in sections 6.1 and 6.2 (p.
34 and 35) of Milestone Report 4.2 (Sheppard and Palamara, 2014 -see the accompanying
textbox).

Figure 4-3. Berea Sandstone initial-residual trapping curves: pore-network modelling results from
this study, shown in red, blue and purple for 20°, 40° and 60° contact angle, in comparison with
literature. The data from this study best match experiments if a water-advancing contact angle of
between 20 and 40° is assumed.
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Figure 4-4. Drainage relative permeability for Berea Sandstone, showing the results of the porenetwork modelling from this study, the SCAL results from Sub-Project 1, the results of Perrin et al.
(2009) and of Berg et al. (2013). Arrows A and B show the effect of increasing flow rate on water
and CO2 relative permeability respectively. The effect of flow rate on CO2 relative permeability
(arrow B) is the reverse of the effect for oil:water systems. The literature and UNSW curves also
show how core-flooding does not achieve realistic drainage endpoint saturations, with the
obtained values being strongly rate-dependent; this is due to capillary pressure limitations.

4.3.3 Results for Precipice Sandstone samples and comparison to
experimental outcomes
4.3.3.1 Reconciliation with Special Core Analysis (SCAL) (Sub-project 1)
Detailed results were presented in the Milestone 4.4 report (Sheppard, Palamara and
Averdunk, 2015) along with a reconciliation between modelling and experiment results.
Before presenting this data we outline the effects of various mechanisms and their effect on
data reconciliation.
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Contact angle
The effect of increasing contact angle is to increase the water relative permeability. In
particular, a steep drop in water relative permeability at high water saturations implies that
the first effect of drainage is to displace water from the centre of pore bodies along the
main flow pathways which is only expected to occur in a strongly water-wet system.
Experimental results show very low permeability to water at higher water saturations,
strongly suggestive of strongly water wetting conditions. The modelling should be able to
match experimental results in this regard through the selection of an appropriate contact
angle.
Flow rate
The Special Core Analysis (SCAL) experiments in Sub-Project 1 were conducted at flow rates
higher than the earlier established threshold of 5m/day at which the flow rate has an effect.
We would therefore not expect the Pore-Network modelling (PNM) to match experiment
precisely since percolation-based PNM is limited to capillary dominated flow. Figure 4-4
shows relative permeability data in which the effect of flow rate on Berea sandstone relative
permeabilities is clear. For the scCO2:brine system the brine relative permeability should be
increased with flow rate but the low-viscosity supercritical phase may result in a decrease
(Milestone Report 4.2, Sheppard and Palamara, 2014, p. 14, 57). As expected, SCAL relative
permeability for the Berea sandstone is seen to be significantly higher for water than PNM,
with slower experiments matching the PNM data well.
Capillary pressure limitations
As pointed out in Milestone 4.2. (Sheppard and Palamara, 2014), we do not expect
agreement between network modelling and SCAL with regard to drainage endpoint since
SCAL experiments cannot attain high capillary pressures and are therefore limited to rather
high water saturations. This limitation is an artefact of the experiment and not relevant for
subsurface conditions where high capillary pressures should be attainable.
Heterogeneity and sample size
Later work in Sub-Project 4 on reconciling the experimental and modelling results has
significantly enhanced our understanding of flow in the Precipice Sandstone by comparison
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with previous milestone reports. In particular, a convincing interpretation has now been
made for the UNSW SCAL results, adding to the conclusions mentioned above.
Consider Figure 4-5 which brings together all the UNSW SCAL results for the PU series of
Precipice Sandstone, and compares them with the Berea Sandstone results from the same
laboratory. This figure shows that the vertical water relative permeability is far lower in the
Precipice Sandstone plugs than for Berea Sandstone. The CO2 relative permeability is also
somewhat lower, and the drainage endpoint water saturations are significantly higher. As
explained above, these differences cannot be explained by flow rate or boundary conditions
(as they were the same for all experiments) or wettability (since this would have the
opposite effect on the water relative permeability). Heterogeneity, however, is likely to have
the influence shown in the arrows on Figure 4-5.

Figure 4-5. A comparison of PU series SCAL drainage relative permeability (unsteady state) of
Precipice Sandstone PU series plugs, plotted against Berea Sandstone. Berea Sandstone shows
quite different behaviour despite similar experimental conditions and similar pore morphology. As
we describe below, heterogeneity seems to be a good explanation for this behaviour. Arrows A, B
and C show the expected effect of increasing heterogeneity on water relative permeability, CO2
relative permeability and end-point saturation respectively. Amongst the PrecipiceSandstone
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samples, PU2 has the highest water relative permeability and PU10 the lowest, suggesting that
PU2 may have lower levels of heterogeneity in the 25 mm core plug used for SCAL.

Heterogeneity (Alemu et al., 2013: 236) is, along with wettability and flow direction, a major
source of uncertainty in laboratory-based measurements of relative permeability, and one
that “can exert a large influence on brine displacement efficiency” (Perrin and Benson, 2010:
94, 108), particularly when the displacement efficiency is limited by the heterogeneity in
which case the residual brine saturation remains high (Perrin and Benson, 2010: 106; Wei et
al., 2014: 403). This was observed in the CO2 flooding and modelling experiments of Wei et
al. (2014), where sub-core scale heterogeneity “significantly affected CO2 migration” (p.
408), preventing the brine in low-porosity areas from being displaced. It is worth noting,
however, that Shi et al. (2011) found that “the influence of the porosity heterogeneity on
the mean CO2 saturation profiles along the core became gradually diminished as the
injection rate was increased … to 3cm3/min” (p. 85).

Reconciliation of results
Ideally a quantitative comparison between the network modelling and SCAL would be made.
However, this would involve first identifying the exact portion of the 25 mm plugs that was
used for SCAL. Inclusion or exclusion of one cemented band could result in dramatic
differences. Secondly, this would involve some upscaling procedure so that relative
permeability could be inferred throughout the 25 mm core, even in regions where the scan
of the whole plug has insufficient resolution to capture the full pore space geometry. This
process is the subject of ongoing work in Sub-Project 6 and is reported elsewhere.
Additionally we note that a quantitative comparison between PNM and unsteady-state SCAL
experiments of this type would always be challenging due to the higher flow rate used in the
SCAL experiments and the somewhat different boundary conditions between core flooding
and the numerical modelling which uses a 'virtual' capillary barrier.
Therefore we perform a reconciliation of the data to identify any inconsistencies in our
model. One simple test is to check whether there appears to be a correlation between the
apparent level of heterogeneity in a sample and the experimental relative permeability
curve. Figure 4-5 shows SCAL data from Sub-Project 1, it can be seen that PU2 has the
highest water relative permeability and PU10 the lowest.
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Figure 4-6 shows slices images through the 25 mm core plugs of these two samples, from
which it can be seen that PU2 is indeed far more homogeneous than PU10, at least from
visual inspection. We expect that visual inspection of grain fabric should be a good measure
of heterogeneity since it is variation in pore size, and thus in local capillary pressure curves,
which will impact relative permeability curves and residual trapping capacity.

Figure 4-6. Slice images from tomograms of samples PU2 (left) and PU10 (right). The SCAL was
performed on the upper region of both images. The high level of homogeneity and better sorting of
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PU2 is apparent, in support of the hypothesis that heterogeneity on the plug scale is the primary
cause of the difference in relative permeability observed in SCAL experiments and shown in Figure
4-5.

Figure 4-7. Comparison between trapping observed from imaged flooding experiments on samples
P12, P17 and P20 in ANLEC Sub- Project 3 (Saadatfar et al., 2015) with initial-residual trapping
curves computed from pore-network modelling on sample P12. The computed values include
horizontal and vertical flow directions (i.e. parallel and perpendicular to the bedding respectively)
for two sub-volumes and for three different contact angle ranges (20 to 25°, 40 to 45° and 60 to
65°).

4.3.3.2 Comparison with microCT core flooding (Sub-Project 3)
Sub-project-4 also considered the level of agreement between the modelling results and the
results from in-situ experiments carried out in sub-project 3. Figure 4-7 shows modelled
initial-residual trapping curves for sample P12; this sample is chosen as being broadly
representative of the Precipice Sandstone samples. Also shown are experimental trapping
data for samples P12, P17 and P20 from sub-project 3. Modelling data for contact angles of
20°, 40° and 60° is included, with very good agreement between experiment and modelling
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for contact angles in the range 20-40°. This provides further support for a contact angle of
around 30°, as would be expected from existing literature. As is clear from Figure 4-7,
substantial residual trapping, of around 30%, can be expected in the Precipice Sandstone for
these contact angles.

4.4 Conclusions
In this Sub-Project the foundation was laid for effective modelling, through
1. determination of the characteristics of the CO2:brine system,
2. deployment of a new network model with the ability to capture the effect of aquifer
wettability,
3. calibration of this model using Berea Sandstone, against experiments, both part of
this ANLEC project and from literature studies.
This has resulted in a percolation-based pore-network model in which we can place great
confidence to perform pore-scale modelling of CO2:brine under the conditions found in the
Surat Basin, and particularly in the Precipice Sandstone.
This model has been applied to samples taken from 28 different depths within the unit, from
which it has been possible to:


derive numerous measures for pore morphology, such as pore and throat size
distributions,



compute static petrophysical properties such as porosity, permeability and formation
factor,



compute capillary pressure curves for drainage and imbibition at a range of contact
angles, for flow parallel and perpendicular to bedding (i.e. horizontal and vertical
flow),



compute relative permeability curves for drainage and imbibition at a range of
contact angles, for horizontal and vertical flow,



derive initial-residual trapping curves for these samples to determine likely residual
trapping potential, at a range of contact angles, for horizontal and vertical flow

Most of these characteristics could not have been determined from SCAL data. In addition,
the image-based modelling offers potential for linking with wireline logs and further
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upscaling that cannot be performed with any confidence from isolated experimental data
points in heterogeneous formations such as the Precipice Sandstone.
A costing analysis revealed image-based modelling has been found to cost almost exactly
the same as traditional laboratory SCAL, however it has a turnaround time several times
faster. As presented here, the two techniques have such different advantages and
disadvantages that it seems reasonable to conclude that aquifer characterisation is
maximally efficient when utilising both techniques, with the mix of techniques determined
by the uncertainties.
A complete summary of the outcomes of this sub-project is in the following section.

4.5 Outcomes from sub-project 4
1. A critical review of studies of the CO2:brine system shows that:
a. The low mobility ratio of the CO2:brine system makes it difficult for core floods to
reach low brine saturation due to capillary end effects.
b. Low mobility ratios can lead to the reversal of the usual effect of flow rate on
relative permeability, so that a higher flow rate can reduce CO2 relative
permeability due to entrainment with the slow flowing brine; brine relative
permeability should always exhibit standard behaviour, increasing with flow rate.
c. To determine the onset of flow rate effects, capillary number should be computed
using the brine viscosity; with this definition the flow rate has little or no effect for
capillary numbers Ca < 10-6, corresponding to around 5 m / day for Surat Basin
conditions.
d. Percolation-based pore-network modelling should be a suitable modelling tool for
simulating two-phase flow processes involving supercritical CO2 in the Surat Basin.
e. There is still significant uncertainty in wettability of the CO2:brine system due to
variation between literature results. A statistical review of literature data suggests
CO2:brine contact angles on quartz of 25° (receding) and 35° (advancing) are most
likely for Surat Basin conditions (10 MPa, 45°C, low-salinity brine).
2. A new, geometrically accurate pore-scale model for imbibition has been developed
and incorporated into the pore-network modelling.
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a. No fitting parameters are used in comparisons between modelling and experiment.
b. A comparison between experiment and modelling for Berea Sandstone confirms
theoretical expectations that this model is appropriate. Once flow rate effects and
experimental limitations are taken into account the experiments and simulation
are in good agreement.
3. Combining Sub-Projects 1, 3 and 4 yields strong evidence that advancing and receding
contact angles are less than 40° in the Precipice Sandstone, for both quartz and clay.
This is based on:
a. Direct observation of contact angles and fluid configurations in images acquired as
part of Sub-Project 3,
b. High water saturation and low relative permeability at crossover points in SCAL
relative permeability curves (Sub-Project 4),
c. Models need contact angles <40° to match experimental data.
4. For flow parallel to bedding, the relative permeability and CO2 storage potential of
Precipice Sandstone and Berea Sandstone samples are very similar. Precipice
Sandstone samples from West Wandoan 1 well generally have higher permeability,
normally higher than 1 Darcy.
5. In this work we have been able to attribute the variation in measured relative
permeability (Figure 13) to heterogeneity at the millimetre and centimetre scale. In
the absence of imaging of core flooding on full core plugs, or on the ability to directly
model two-phase flow on full core plugs, this explanation remains qualitative only.
Future work is planned that will address the gaps in the experimental work (by
conducting flooding on full core plugs in the micro-CT) and the modelling (by
constructing larger-scale two-phase flow models using upscaling techniques).
The heterogeneity that exists at many length scales strongly affects flow
perpendicular to laminations (that is, vertically along core plugs):
a. SCAL data, conducted in the vertical direction, shows brine relative permeability
values that are strongly suppressed in Precipice Sandstone relative to Berea
Sandstone. As expected, the most heterogeneous samples show lower brine
relative permeability.
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b. The mixed agreement between network modelling and experiment can also be
understood in terms of the degree of heterogeneity in 50 mm plugs and the strong
effect of heterogeneity on relative permeability,
c. Variation in porosity or anisotropy in permeability are not necessarily the best
indicators to quantify heterogeneity; it is more variation in pore size and pore
throat size which influences relative permeability and flooding endpoints.
6. Modelling results show CO2 residual trapping can be significantly enhanced by
heterogeneity, with residual saturations approaching 60% for samples showing the
most heterogeneity within 5 mm cubic sub-volumes. Residual trapping is enhanced
when the heterogeneity is in the form of laminations running perpendicular to the
flow direction. In this case, when the capillary pressure is still rather high (early in
imbibition), the CO2 can become disconnected in the finer laminations while it is still
at a very high saturation in the coarse laminations. If the direction of flow is parallel
to the heterogeneity then trapping can be enhanced or reduced depending on the
saturation achieved during the prior CO2 invasion.
7. The new model (described in Milestone Report 4.3, Sheppard and Palamara, 2015)
enables realistic exploration of sensitivity to contact angle, showing that an increase
in contact angle from 20° to 40° reduces residual trapping by approximately 25%
(from ~40% to ~30%), while at 60° the trapping capacity is reduced by half.
8. To understand the ramifications for larger scales it is essential to describe with some
precision two-phase flow in laminations just a few millimetres high but metres across
and it is important to characterise intra-lamination variability.

Milestone 0.4: Final Project Report

Page 123

4.6 References
Alemu B., Aker E., Soldal M., Johnsen Ø., & Aagaard P. (2013). Effect of sub-core scale
heterogeneities on acoustic and electrical properties of a reservoir rock: a CO2 flooding experiment
of brine saturated sandstone in a computed tomography scanner. Geophysical Prospecting, 61,
235–250.

Andrew M, Bijeljic B, Blunt MJ. 2013. Pore-scale imaging of geological carbon dioxide storage under
in situ conditions. Geophysical Research Letters, 40, 3915-3918

Al-Yaseri A, Sarmadivaleh M, Saeedi A, Lebedev M, Barifcani A, Iglauer S. 2015. N 2+CO2+NaCl brine
interfacial tensions and contact angles on quartz at CO2 storage site conditions in the Gippsland
basin, Victoria/Australia. Journal of Petroleum Science and Engineering, 129, 58-62

Al-Yaseri A, Lebedev M, Barifcani A, Iglauer S. 2016. Receding and advancing CO2-brine-quartz
contact angles as a function of pressure, temperature, surface roughness, salt type and salinity, The
Journal of Chemical Thermodynamics, 93: 416–23. doi:10.1016/j.jct.2015.07.031.

M. Arif, A. Z. Al-Yaseri, A. Barifcani, M. Lebedev, and S. Iglauer, 2016. Impact of pressure and
temperature on CO2–brine–mica contact angles and CO2–brine interfacial tension: Implications for
carbon geo-sequestration, Journal of Colloid and Interface Science, 462: 208–215.

Bachu, S., & Bennion, B. (2008). Effects of in-situ conditions on relative permeability characteristics
of CO2-brine systems. Environmental Geology, 54, 1707-1722.

Bakke S and Øren PE. 1997. 3-D Pore-Scale Modelling of Sandstones and Flow Simulations in the
Pore Networks. SPE Journal 2 (2). 136-149.

Benson, S., Pini, R., Reynolds, C., & Krevor, S. (2013). Relative Permeability Analyses to Describe
Multi-Phase Flow in CO2 Storage Reservoirs. Stanford, USA and London, UK: Global CCS Institute,
Imperial College London, Stanford University.

Milestone 0.4: Final Project Report

Page 124

Berg, S., Oedai, S., & Ott, H. (2013). Displacement and mass transfer between saturated and
unsaturated CO2–brine systems in sandstone. International Journal of Greenhouse Gas Control, 12,
478-492.

Brown, K., Schlüter, S., Sheppard, A., & Wildenschild, D. (2015). On the challenges of measuring
interfacial characteristics of three-phase fluid flow with x-ray microtomography. Journal of
Microscopy, 253(3), 171-182.

Choudhary K, Bayani Cardenas M, Wolfe WW, Maisano JA, Ketcham RA, Bennett PC. 2013. Porescale trapping of supercritical CO2 and the role of grain wettability and shape. Geophysical Research
Letters 40, 3878-3882

Evans, B. (2012). ANLEC Milestone Report 3-1110-0122: Predicting CO2 injectivity properties for
application at CCS sites. Perth: Curtin University.

Herring, A. L., Andersson, L., Schlüter, S., Sheppard, A., & Wildenschild, D. (2015). Efficiently
engineering pore-scale processes: The role of force dominance and topology during nonwetting
phase trapping in porous media. Advances in Water Resources, 79, 91-102.

Iglauer S, Paluszny A, Pentland CH, Blunt MJ. 2011. Residual CO2 imaged with X‐ray micro‐
tomography. Geophysical Research Letters, 38, L21403.

Knackstedt, M. (2013). Digital Core Analysis. In J. Shafer, Recent Advances in Core Analysis,
Petrophysics (54) 6 (pp. 544-579).

Krevor, S., Pini, R., Zuo, L., & Benson, S. (2012). Relative permeability and trapping of CO 2 and
water in sandstone rocks at reservoir conditions. Water Resources Research, 48, 1-16.

Lenormand R, Touboul E, and Zarcone C. 1988. Numerical Models and Experiments on Immiscible
Displacements

in

Porous

Media.

Journal

of

Fluid

Mechanics,

189,

165–87.

doi:10.1017/S0022112088000953.

Milestone 0.4: Final Project Report

Page 125

Müller, N. (2011). Supercritical CO2-Brine Relative Permeability Experiments in Reservoir Rocks—
Literature Review and Recommendations. Transport in Porous Media, 87, 367-383.

Niu, B., Al-Menhali, A., & Krevor, C. (2015). The impact of reservoir conditions on the residual
trapping. Water Resources Research, 1-21. doi:10.1002/2014WR016441

Øren PE and Bakke S. 2003. Reconstruction of Berea Sandstone and Pore-Scale Modelling of
Wettability Effects. Journal of Petroleum Science and Engineering 39 (3-4), 177–99

Palamara, D. R., Neeman, T., Golab, A. N., & Sheppard, A. (2015). A statistical analysis of the effects
of pressure, temperature and salinity on contact angles in CO2-brine-quartz systems. International
Journal of Greenhouse Gas Control, 42, 516-512. doi:10.1016/j.ijggc.2015.09.007

Perrin, J.-C., & Benson, S. (2010). An Experimental Study on the Influence of Sub-Core Scale
Heterogeneities on CO2 Distribution in Reservoir Rocks. Transport in Porous Media(82), 93-109.

Perrin, J.-C., Krause, M., Kuo, C.-W., Miljkovic, L., Charoba, E., & Bensom, S. (2009). Core-scale
experimental study of relative permeability properties of CO2 and brine in reservoir rocks. Energy
Procedia, 1, 3515-3522.

Saadatfar, M., Khor, J., Golab, A., & Senden, T. (2015). Technical Report for Project 7-0311-0128
Sub-Project 3. Canberra: FEI Lithicon.

Saeedi, A., Rezaee, R., Evans, B., & Clennell, B. (2011). Multiphase flow behaviour during CO2 geosequestration: Emphasis on the effect of cyclic CO2–brine flooding. Journal of Petroleum Science
and Engineering, 79(3-4), 65-85.

Sarmadivaleh, M., A. Z. Al-Yaseri, and S. Iglauer. 2015. “Influence of Temperature and Pressure on
quartz–water–CO2 Contact Angle and CO2–water Interfacial Tension.” Journal of Colloid and
Interface Science 441 (March): 59–64. doi:10.1016/j.jcis.2014.11.010.

Milestone 0.4: Final Project Report

Page 126

Sheppard, A. P., R. M. Sok, and H. Averdunk. 2005. “Improved Pore Network Extraction Methods.”
In Proceedings of the International Symposium of the Society of Core Analysts, Toronto, 21–25.

Sheppard, A.P., R.M. Sok, H. Averdunk, V.B. Robins, and A. Ghous. 2006. “Analysis of Rock
Microstructure Using High-Resolution X-Ray Tomography.” In SCA2006–26. Trondheim, Norway:
Society of Core Analysts.

Sheppard, A., & Palamara, D. (2014). ANLEC R&D Milestone Report: Project 128 Milestone 4.2.
Canberra: ANU.

Sheppard, A., & Palamara, D. (2015). ANLEC R&D Milestone Report: Project 128 Milestone 4.3.
Canberra: ANU.

Sheppard, A., Palamara, D., & Averdunk, H. (2015). ANLEC R&D Milestone Report: Project 128
Milestone 4.4. Canberra: ANU.

Shi, J.-Q., Xue, Z., & Durucan, S. (2011). Supercritical CO2 core flooding and imbibition in Tako
sandstone—Influence of sub-core scale heterogeneity. International Journal of Greenhouse Gas
Control, 5, 75–87.

Silin, D., Tomutsa, L., Benson, S. M., & Patzek, T. W. (2011). Microtomography and Pore-Scale
Modeling of Two-Phase Fluid Distribution. Transport in Porous Media, 86, 495-515.

Wei, N., Gill, M., Crandall, D., McIntyre, D., Wang, Y., Bruner, K., Li, X., Bromhal, G. (2014). CO2
flooding properties of Liujiagou sandstone: influence of sub-core scale structure heterogeneity.
Greenhouse Gases: Science and Technology, 400-418.

Milestone 0.4: Final Project Report

Page 127

Chapter: 5 Undertake time series (4D) imaging and conventional
experimental studies to measure the geochemical reactivity and
dissolution trapping capacity of core material using supercritical CO2.
5.1 Overview
The objective of ANLEC 128 sub-project 5 was to measure geochemical reactivity of the reservoir
and seal core material through micro-computed tomography (µCT) 3D imaging, Scanning Electron
Microscopy (SEM), and Automated, Quantified SEM-Energy Dispersive X-ray Spectroscopy (EDS)
mineral mapping (QEMSCAN™) before and after reaction with supercritical CO2 and brine.
The study was designed to conduct reactivity experiments (described in section 5.2.7) on
subsamples of potentially reactive rock types from the target storage, seal and above-seal
formations (Precipice Sandstone, Evergreen Formation and Hutton Sandstone, respectively). Core
plugs used in the experiments were characterised in detail and 3D imaging was undertaken before
and after the experiments to investigate the pore scale effects of water-CO2-rock reactions. Mass
balance calculations based on the chemistry of fluid effluent of the experiments were performed
and results compared with mineralogy and volume changes deduced from 3D imaging, SEM and
mineral mapping characterisation to better understand mineral dissolution and precipitation
processes and their likely impact on storage volumes, injectivity and seal effectiveness.

5.2 Methods and results
5.2.1 Optimised workflow
In advance of receiving core from the West Wandoan-1 well, the proposed workflow for sub-project
5 was trialled on five samples from the nearby Chinchilla-4 well covering lithologies of the relevant
stratigraphy (Golab et al., 2014b). The workflow for the West Wandoan-1 core material was then
optimised based on what was learnt from the Chinchilla-4 study which resulted in the following
steps:
1. Scoping scan imaging in 3D by μCT of the sections of core to investigate heterogeneity of
features >40μm in size;
2. Return of whole core section to UQ for sub-sampling;
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3. Scoping scan imaging by μCT of off-cut to investigate heterogeneity of features >15μm in
size and guide selection of region for sub-plug extraction;
4. Selection of location and drilling of two sister sub-plugs from each off-cut for pore-scale
imaging;
5. Imaging of sub-plugs in 3D by μCT at the pore-scale before reaction;
6. For tight samples, saturation with X-ray opaque brine then re-imaging and 3D:3D
registration into perfect geometrical alignment to as-received state tomogram;
7. Segmentation of ‘before’ tomograms into X-ray distinct components and quantification in
3D;
8. Trimming of one end of the sub-plugs within the imaged field-of-view for creation of a
polished section;
9. Imaging of the polished sections by SEM and registration of the high resolution 2D SEM
image into the 3D tomogram to find the perfectly matching slice;
10. Automated, quantified SEM-EDS analysis of the polished sections to generate a mineral
map and registration to the SEM image and the 3D tomogram;
11. Sending sub-plugs to UQ for geochemical reaction studies at reservoir temperature and
pressure;
12. Imaging of sub-plugs in 3D by μCT at the pore-scale after reaction and 3D:3D registration
into perfect geometrical alignment to the ‘before’ tomogram;
13. Segmentation of ‘after’ tomograms into X-ray distinct components and quantification in 3D;
14. Trimming of the same end of the sub-plugs as in (8) within the imaged field-of-view of the
‘before’ and ‘after’ tomograms, for creation of a polished section after reaction;
15. Imaging of the polished sections by SEM and registration of the high resolution 2D SEM
image into the ‘before’ and ‘after’ 3D tomograms;
16. Mineral mapping by automated, quantified SEM-EDS and registration to the SEM image and
the ‘before’ and ‘after’ 3D tomograms;
17. Quantification in 3D of changes due to CO2:brine:rock interactions through digital
comparison of the two registered 3D tomograms from (5) and (12)
18. 3D visualisation of loss or gain of matter as determined in (17)
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5.2.2 Samples used in the study
Six sections of whole core from West Wandoan- 1 well in the Surat Basin, Queensland, were
selected from the Evergreen Formation and Precipice Sandstone using biased sampling to represent
key facies (Table 5-1). Subsequently during this study the WC5 sample (Evergreen Formation) which
appeared to be very similar to WC3 (also Evergreen Formation) was substituted into the work
program with sample WC15 (Hutton Sandstone), the only sample of Hutton Sandstone available to
the program.

Table 5-1. Descriptions of seven samples from West Wandoan-1 well selected for investigation of
geochemical reactivity

WC15
WC3
WC5

Depth
(mKB)
800.83
981.24
992.39

WC8

1043.70

Evergreen Formation

WC9
WC11
WC14

1056.10
1165.44
1217.48

Evergreen Formation
Precipice Sandstone
Precipice Sandstone

Number

Interval

Description

Hutton Sandstone
Evergreen Formation
Evergreen Formation

Calcite cemented sandstone
Interlaminated very fine sandstone and mud/siltstone
Mudstone seal rock
Fine to very fine sandstone with mud rip-up
clasts/altered lithic fragments
Calcite cemented sandstone
Fine to medium grained sandstone
Very friable, coarse grained sandstone

5.2.3 Scoping Scan imaging in 3D by µCT (steps 1-3)
Scoping scan imaging by μCT at the plug scale allows the investigation of heterogeneity of grain
size, sorting, and distribution of heavy minerals, pores, fractures, clay, cement, and organic
material. The scoping scan allows one to avoid extraordinary features and extract more
representative sub-plugs. The seven sections of 60-65mm diameter whole core were first imaged
by µCT to check for heterogeneities of features in the range of 40µm and larger, before returning
the core sections to UQ for sub-sampling. Two slices through a section of the 3D image is shown for
one sample, WC9, in Figure 5-2. Vertical plane images from high resolution 3D µCT tomograms of
sub-plugs before reaction. Note: a and b are 3mm sub-plugs of Hutton Sandstone WC15a and
WC15b, c and d are 3mm sub-plugs of Evergreen Formation WC3a and WC3b, e and f are 3mm subplugs of Evergreen Formation WC8aand WC8b, g and h are 3mm sub-plugs of Evergreen Formation
WC9a and WC9b, i and j are 6mm diameter sub-plugs of Precipice Sandstone WC11a and WC11b,
and k and l are 8mm diameter sub-plugs of Precipice Sandstone WC14a and WC14b. Images of all
scoping scans are reported in pp. 17-19 in the final report for Milestone 5.7 report (Golab et al.,
2015a) attached as an appendix.
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1)

2)

Figure 5-1. Tomogram images from scoping scans for WC9 at 1) whole core scale (65 mm) and 2) also of
the off-cut after sub-sampling by UQ (25mm).

5.2.4 Imaging of sub-plug in 3D by µCT at the pore-scale before reaction (steps 4-6)
Imaging of the samples at the sub-plug scale allows the characterisation of pore-scale features. Two
sister sub-plugs (‘a’ and ‘b’) were extracted from matching regions of each of the six sections of
core and then imaged in 3D at higher resolution (pore-scale) to allow investigation of samples’
reactivity with respect to: 1) pure CO2, 2) CO2 with traces of SO2 (0.16%) and O2 (2%). In each case
the ‘a’ sub-plug was to be reacted with pure CO2 whereas the ‘b’ sub-plug was reacted with CO2
plus traces of SO2 and O2. One vertically oriented view from the before reaction tomograms of each
of the West Wandoan-1 sub-plugs is shown in Figure 5-2. Basic descriptions of the samples based
on inspection of the tomograms are provided in Table 5-1.
Some basic observations from the before reaction pore-scale sub-plug images:


The images of the 3mm sub-plugs of WC15 (Figure 5-2a and b) show a calcite cemented
sandstone with scattered organics, regions of pore filling clays and some secondary porosity
due to weathered framework grains.



The images from the high resolution 3D tomograms of the 3mm sub-plugs of WC3 (Figure 52c and d) show an interlaminated very fine sandy siltstone with scattered organics.



The images of the 3mm sub-plugs of WC8 (Figure 5-2e and f) show a fine sandstone with
abundant pore-filling material and secondary porosity due to weathering of feldspars.



The images of the 3mm sub-plugs of WC9 (Figure 5-2g and h) show a calcite cemented
sandstone with some clay-rich bands and some porosity evident at grain boundaries and
due to weathering of feldspars.
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The images of the 6mm sub-plugs of WC11 (Figure 5-2i and j) show a fine to medium sorted
sandstone with some clay but otherwise open porosity.



The images of the 8mm sub-plugs of WC14 (Figure 5-2k and l) show a coarse grained
sandstone with some clay but otherwise open porosity.

a)

b)

c)

d)

e)

f)

g)

h)
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i)

j)

k)

l)

Figure 5-2. Vertical plane images from high resolution 3D µCT tomograms of sub-plugs before reaction.
Note: a and b are 3mm sub-plugs of Hutton Sandstone WC15a and WC15b, c and d are 3mm sub-plugs of
Evergreen Formation WC3a and WC3b, e and f are 3mm sub-plugs of Evergreen Formation WC8aand
WC8b, g and h are 3mm sub-plugs of Evergreen Formation WC9a and WC9b, i and j are 6mm diameter
sub-plugs of Precipice Sandstone WC11a and WC11b, and k and l are 8mm diameter sub-plugs of Precipice
Sandstone WC14a and WC14b.

5.2.5 Segmentation of ‘before’ tomogram into X-ray distinct components and
quantification in 3D (step 7)
Segmentation of X-ray distinct components in the “before reaction” 3D tomograms has been
completed on the sub-plugs from West Wandoan-1 well, using the methodology described in
Chapter 2. This segmentation has allowed the quantification in 3D of X-ray distinct phases of all
twelve sub-plugs. Results of the segmentation are summarised in Table 5-2 and Table 5-3.
Ideally, a well-separated multimodal distribution of the X-ray attenuation coefficients (grey-scale)
gives an unambiguous phase assignment of the pore and various mineral phase peaks. However,
the porosity of samples WC15, WC3, WC8 and WC9 is mostly sub-resolution and cannot be
calculated by this technique because, as shown in Figure 5-2, these samples contain a high
proportion of pore-filling material, likely to be organic, whose attenuation coefficient is very similar
to that of an open pore from which it cannot be distinguished.
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Table 5-2. Properties derived from segmentation of before reaction sub-plug scale images including
volume percentages of X-ray distinct components for Hutton Sandstone and Evergreen Formation samples
Sample
number

Depth (mKB)

Matrix
content %

WC15a

800.83

32.1

Resolvable
porosity/organic
content* %
0.3

WC15b

800.83

24.3

WC3a

981.24

WC3b

Framework
grain content %

Heavy mineral
content %

59.5

0.2

0.3

63.4

0.2

84.1

0.7

11.9

3.3

981.24

89.2

1.1

7.3

2.3

WC8a

1043.70

73.3

0.5

20.6

5.7

WC8b

1043.70

67.4

4.7

27.7

0.1

WC9a

1056.10

22.5

0.3

76.8

0.4

WC9b

1056.10

23.2

0.6

75.7

0.6

* Note: Resolved porosity indicates pores that are larger than the elemental volume for a
tomogram, i.e. one voxel (3D pixel) in size. The lowest density components of a clean and dry rock
are the air filling the pores and the organic matter, which have indistinguishable attenuation in
these samples, hence the additional work described below was performed to accurately quantify
the porosity.
For tight samples with a much finer texture and more complex mineralogical composition the
multiphase segmentation does not allow the capture of sub-resolution micropores, which are
associated with clay fractions, weathered framework grains or diagenetic cements (Knackstedt et
al., 2013). To obtain information about sub-resolution porosity each of the sub-plugs of the Hutton
Sandstone (WC15a and b) and Evergreen Formation (WC3a and b, WC8a and b, and WC9a and b)
was saturated with an X-ray dense brine (e.g. 1M NaI for X-ray contrast) and then imaged again at
the pore-scale in its saturated state. The saturated-state tomogram was registered to the asreceived state tomogram into perfect geometric alignment in 3D. Next, the as-received state
tomogram was subtracted from the saturated state tomogram allowing the 3D mapping and then
the quantification of porosity in these tight samples (as described in Golab et al., 2010). An example
of this workflow is shown in Figure 5-3.
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a) As-received state
tomogram

b) Mineral segmentation

c) Saturated state
tomogram

d) Porosity map

WC9a

Figure 5-3. Images of Evergreen Formation WC9a from (a) high resolution 3D as-received state ‘before
reaction’ tomogram, (b) mineral segmented image, (c) saturated state tomogram, and (d) map of porosity
where darkening shades of grey indicate higher level of porosity.

In contrast, the Precipice Sandstone samples WC11 and WC14 show open and seemingly wellconnected pore spaces which can be directly segmented from the high resolution 3D as-received
state tomogram. Figure 5-4 shows a cross section of the 3D tomogram and the corresponding slice
of the mineral segmentation for samples WC11a and WC14a. The results of the mineral
segmentation for all Precipice Sandstone samples are given in Table 5-3. Note that the third column
gives the percentage of clay (predominantly kaolinite) in this case.
Table 5-3. Properties derived from segmentation of before reaction sub-plug scale images including
volume percentages of X-ray distinct components for Precipice Sandstone samples.

1165.44

Clay %
(Kaolinite + minor
illite/mica)
6.3

Resolvable
porosity
content %
18.7

WC11b

1165.44

6.6

WC14a

1217.48

WC14b

1217.48

Sample
number

Depth (mKB)

WC11a
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Quartz %

Heavy mineral
content %

74.9

0.1

19.4

73.8

0.1

3.9

21.5

74.5

0.2

5.7

20.85

73.3

0.1
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a) As-received state
tomogram

b) Mineral
segmentation

WC11a

a) As-received state
tomogram

b) Mineral segmentation

WC14a

Figure 5-4. Images of Precipice Sandstone samples WC11a and WC14a from (a) high resolution 3D asreceived state ‘before reaction’ tomograms, (b) mineral segmented images.

5.2.6 SEM imaging and mineral mapping by automated quantified SEM-EDS before
reaction (steps 8-10)
All samples from West Wandoan-1 well have been cut horizontally along a nominated plane of
interest, parallel to bedding, and polished sections have been created for imaging by Scanning
Electron Microscope (SEM) to investigate textures and to map finer scale structure and
microporosity. The high resolution 2D SEM images have then been registered into the 3D
tomogram to find the perfectly matching slice (see Figure 5-5 for an example).

Mineral segmentation

SEM mosaic

QEMSCAN

WC9a

As-received state tomogram

Figure 5-5. Registered images of WC9a from as-received state tomogram, segmentation, SEM imaging and
QEMSCAN™ mineral analysis before reaction (see Fig. 5-6 for QEMSCAN™ legend).
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In addition to the SEM mosaics, higher resolution SEM images were also collected, particularly of
pore-filling material. Images are available in the Milestone 5.7 report (Golab et al., 2015a) and in
Appendix C thereof. The purpose of these images is to guide and help calibrate the calculation of
the porosity of the dominant pore-filling materials for use in the segmentation in section 5.2.5 .
All samples were then analysed by automated, quantified SEM-EDS mapping by QEMSCAN™ for
quantified in situ mineralogy (Table 5-4). The mineral maps were registered to the corresponding
SEM images and into 3D tomograms. Figure 5-5 shows this for sample WC9a—other images in the
program can be found in Figure 5 of the Milestone 5.7 report (Golab et al., 2015a, page 33).

Table 5-4. Comparative mineral assays, as area percentages, of polished sections measured by
QEMSCAN™, of the Hutton Sandstone and Evergreen Formation sub-plugs before reaction.
Mineral

WC15a

WC15b

WC3a

WC3b

WC8a

WC8b

WC9a

WC9b

Quartz

36.5

41.4

37.0

34.4

57.6

61.0

21.0

25.0

Alkali Feldspar

7.1

6.2

2.7

3.7

5.4

3.4

11.8

13.0

Plagioclase

7.0

6.2

12.6

9.9

26.6

22.3

21.6

17.7

Muscovite/Illite

2.3

2.1

1.1

1.2

1.7

2.3

0.2

0.4

Biotite

0.3

0.3

5.6

6.5

1.4

1.2

0.0

0.0

Illite-Smectite

0.0

0.0

15.6

22.5

0.0

0.0

9.2

11.9

Kaolinite

5.7

3.9

2.1

2.4

0.9

2.8

0.6

0.9

Chlorite

0.7

0.6

8.7

7.6

3.1

3.8

0.8

0.9

Calcite

38.4

36.7

0.1

0.0

0.3

0.5

30.1

25.2

Unclassified + Traces

0.2

2.5

14.3

11.8

3.0

2.2

4.7

4.9

Total

100.0

99.9

99.9

99.8

100.0

100.0

100.0

99.9

Total Clay/Mica

9.0

6.9

33.1

40.2

7.1

10.1

10.8

14.1

QEMSCAN™ is useful for gaining quantitative data on coarser grained rocks but on very fine grained
or clay-rich lithologies it is less useful because the interaction volume is too large to allow the
accurate identification of minerals. This explains the higher proportion of unclassified minerals in
the finer grained and more clay-rich samples reported in Table 5-4. There are no data available for
WC11 and samples WC14a and b consist mostly of quartz (around 97%) and some kaolinite. It
should also be noted that the quantities listed in Table 5-4 represent the proportion of that mineral
present in the 2D section that was investigated by QEMSCAN™ (i.e. area%), whereas the quantities
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listed in Table 5-2 and Table 5-3 represent the proportion of that mineral present in the entire 3D
sub-plug that was investigated by µCT (i.e. volume%)
WC15a
Quartz

WC15b

K Feldspar

WC3a

Plagioclase

WC3b

Illite/Muscovite

WC8a

Biotite

WC8b

Illite-Smectite

WC9a

Kaolinite
Chlorite

WC9b

Calcite

WC11a

Rutile

WC11b

Apatite

WC14a

Barite
Unclassified+traces

WC14b
0%

20%

40%

60%

80%

100%

Figure 5-6. Comparative mineral assays of investigated polished sections of the pre-reaction sub-plugs
from QEMSCAN™

* There are no data for WC11a and WC11b available. However, post reaction mineralogy suggests a
composition very similar to WC14.
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WC14b WC14a WC11b WC11a WC9b WC9a WC8b WC8a WC3b WC3a WC15b WC15a

800.83
800.83
981.24
981.24
1043.7
1043.7
1056.1
1056.1
1165.44
1165.44
1217.48
1217.48
0%

10%

20%

30%

resolved pores/ organic content

40%
clay

50%

60%

framework grains

70%

80%

matrix

90%

100%

heavy minerals

Figure 5-7. Comparative mineral assays of all sub plugs from segmentation of tomograms (3D volumes), as
described in Section 5.2.5 .

5.2.7 Geochemical reactivity studies at University of Queensland (step 11)
After the imaging program described above, the sub-plugs were sent to UQ for geochemical
reactivity studies. There the ‘a’ sub-plugs were individually placed in Parr® reactor vessels with
supercritical CO2 and water at 60°C and 12 MPa for 28 days each (including 2 days N2 blank at
pressure and temperature). The ‘b’ sub-plugs were placed in Parr® reactor vessels with a
supercritical CO2 gas mixture containing minor SO2 (0.16%) and O2 (2%), and water at 60°C and 12
MPa for 28 days each (including 2 days N2 blank at pressure and temperature).
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5.2.7.1 Experimental details
The geochemical batch reaction experiments were performed using an unstirred Parr® reactor
(250ml, N4651, Parr) with a custom built PEEK vessel liner, a sample holder and a dip tube assembly
(Figure 5-8. Diagram of the interior of the batch reactor vessel.), with a fully contained piped
emergency pressure relief system (Pearce et al., 2015). The approximate external dimensions of the
Parr reactor are 20cm high and 10cm base diameter. Pressure and temperature monitoring, control
and safety shutoff systems were incorporated through a dedicated Labview program, and the
hardware was also configured so that any electrical faults would result in system shutdown. Vessels
were maintained at 60 ± 1°C with heating jackets and thermostats (B-200-2, Cynebar), and vessel
pressure is monitored with pressure transducers (4-20 mA; 400 Bar, GEM, ECEFast).
Lid

Gasket
Dip tube

Lid of
liner
Sample
holder
Rock
plug

CO2
Liner
Carbonic
acid
Parr vessel

Figure 5-8. Diagram of the interior of the batch reactor vessel.

Deoxygenated MilliQ (deionised) water was added to the reactor, with the rock plug sample
suspended in a thermoplastic basket immersed in the water. The vessel was purged of residual air
with a low pressure N2 flush. A Teledyne ISCO syringe pump (500HP) was used to pressurise vessels
to 120±5 bar with pure food grade CO2 (Coregas). The conditions of 60°C and 12 MPa were used to
simulate conditions in part of the Surat Basin, Australia relevant to this study. Each sample was
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reacted over a period of 624 hours. The Chinchilla-4 study (Golab et al., 2014b) indicated that this
long reaction time was preferable to observe both potential dissolution and precipitation reactions
in the near well bore region shortly after initial CO2 injection (e.g. Farquhar et al., 2015). Blank tests
were also conducted without rock material, which verified that any cation contamination from
corrosion of the reaction vessel was below the level detected from rock reactions. All vessel liners
and samplers were cleaned by soaking in nitric acid and MQ water after use, and the reactor itself
cleaned twice between experimental runs with a supercritical CO2 – water mixture.
The sample was oven dried prior to shipping back to Canberra for post-reaction characterisation by
µCT imaging, SEM imaging, and QEMSCAN™ analysis.
5.2.7.2 Experimental methodology
Static batch reactor experiments were initially conducted on five core samples from the Chinchilla-4
well using purified water and pure CO2 only. Subsequent experiments, using the twelve samples
from six sections of the West Wandoan-1 well, compared CO2-water-rock and mixed-gas O2-SO2CO2-water-rock reactions (gas composition: 0.16% SO2, 2% O2, balance of CO2), using longer
reaction times and a low-salinity brackish water (TDS 1500 mg/l NaCl) to simulate average expected
formation water composition in the vicinity of the West Wandoan 1 well. These samples were
selected both as being visually representative of major lithologies observed in the core, as well as
being adjacent to samples taken for related ANLEC projects (Golab et al., 2015b), thus maximising
the value of the various analyses done.
Geochemical studies of batch reactor fluids and rock characterisation conducted at UQ before
during and after reaction are described in Appendix D of the Milestone 5.7 (Golab et al., 2015a)
report. The composition of the fluid in the reactor was analysed and shows an evolution throughout
the duration of the experiments. Increases in most major and minor elements were observed, with
considerable increases in Ca, Fe, Mg, Si and Na, indicating dissolution or desorption of material into
the reaction fluids. Similar trends in Ca and Mn and, to a lesser extent Mg, indicate dissolution of
calcite, whilst increases in Fe, Si and Mg mainly indicate loss of material from Fe-rich chlorites and
chloritic clays.
By comparing pre- and post-reaction SEM imaging and SEM-EDS analysis with changes in water
chemistry, minerals that underwent dissolution were identified, which include calcite, siderite ±
ankerite, chlorite/chlorite-smectite and, to a lesser extent, Ca-plagioclase (Table 5-5). Dissolution of
minor phases such as S- and P-bearing minerals was also observed. Enhanced dissolution especially
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of silicates (e.g. Fe-rich chlorite, Ca-plagioclase) was observed when O2 and SO2 were injected with
CO2, except where significant calcite cement dissolution buffered pH.

Table 5-5. Summary of effects of batch reactions on plugs of Precipice Sandstone, Evergreen Formation
and Hutton Sandstone, as observed by SEM imaging, SEM-EDS analysis, water chemistry monitoring and
geochemical modelling.
Sample
number

WC15

WC3

Description of effects of batch reaction with:

Depth
(mKB)

Formation

800.83

Hutton
Sandstone

Significant loss
calcite cement

Evergreen
Formation

Minor surface cracks
around grains, with
no
precipitated
minerals observed

981.24

WC8

1043.70

Evergreen
Formation

WC9

1056.10

Evergreen
Formation

WC11

1165.44

Precipice
Sandstone

WC14

1217.48

Precipice
Sandstone

CO2-brine

Conclusions

O2-SO2-CO2-brine
of

Minor surface cracks
around
grains,
dissolution of minor
carbonate minerals,
leaching of Fe from
chlorite
and
dissolution
of
silicates,
no
precipitated minerals
observed
Corrosion of calcite
cement
around
framework
grains,
minor corrosion of
silicates (dominantly
feldspar) and leaching
of Fe from chlorite
Little change with
only minor corrosion
of kaolinite
Little change with
only minor corrosion
of kaolinite

Significant loss of calcite
cement with formation of
Ca-sulphate phase (likely
gypsum or anhydrite)
Minor surface cracking,
chlorite and feldspar
dissolution
and
precipitation
of
fine
grained material (likely
Fe-silicates
and
Feoxides), and barite

Calcite cement is prone to dissolution
which will create secondary porosity but
minor precipitation of Ca-sulphate could
plug pores
Tight sealing section with low reactivity,
some corrosion of chlorite and feldspar,
and some sandy laminations with higher
porosity. Precipitation of minerals could
indicate self-sealing

Similar to CO2-brine with
precipitation
of
fine
grained material (likely
Fe-silicates
and
Feoxides), and barite

Relatively fine grainsize,
porosity and low reactivity

Greater silicate corrosion
than in CO2-brine

Calcite cement is prone to dissolution
which will create secondary porosity

Indistinguishable
CO2-brine

Low reactivity

from

Similar to CO2-brine with
dissolution of minor K
and Na sulphate minerals

low

initial

Low reactivity

In addition to fluid analyses and SEM imaging and SEM-EDS analysis, geochemical modelling was
performed at UQ using Geochemist’s Workbench. Results are reported in Appendix D and published
in Pearce et al. (2015) and Farquhar et al. (2015). Precipitation of minor Fe oxides, silicates and
sulphates were observed post O2-SO2-CO2-brine reaction on reactive Evergreen sample surfaces
and predicted by models; formation of carbonates was not observed within the time scale of
experiments. Significant Ca-sulphate precipitation was observed and predicted for O2-SO2-CO2-brine
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reaction with calcite-cemented Hutton Sandstone, indicating the potential for plugging of porosity
over longer time periods.

5.2.8 Imaging of sub-plug in 3D by µCT at the pore-scale after reaction (step 12-13)
After reaction, the sub-plugs were imaged by micro-CT as in section 5.2.4 and for each sub-plug the
post reaction tomogram was 3D:3D registered into perfect geometric alignment to the as-received
state tomogram. For WC9a and b, one vertically orientated view of high resolution 3D after reaction
tomogram of the entire sub-plug is shown in Figure 5-9 alongside the corresponding pre-reaction
view.

WC9a

WC9a_r

WC9b

WC9b_r

Figure 5-9. Pre and post-reaction registered tomogram images for Evergeen Formation sample WC9a and
b.

* The ‘a’ sub-plug was reacted with pure CO2 whereas the ‘b’ sub-plug was reacted with CO2 with
traces of SO2 and O2. Marked in red are the sub sections that were used for the subsequent
analysis.
To analyse and quantify changes in the sample between “before” and “after” scenarios it was
deemed important to avoid cracks that had formed during the experiment and therefore subsets
were taken, shown by the red polygons in Figure 5-9. Sub-plug ‘a’ was reacted with pure CO2
whereas the ‘b’ sub-plug was reacted with CO2 with traces of SO2 and O2. A summary of the effects
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caused by the two different fluids on all samples as seen by µCT imaging is presented in Table 5-6
which correlates well with the observations in Table 5-5.

Table 5-6. Summary of effects of batch reactions on plugs of Precipice Sandstone, Evergreen Formation
and Hutton Sandstone, as observed by µCT imaging
Sample
number

Description of effects of batch reaction with:

Depth
(mKB)

Formation

800.83

Hutton
Sandstone

WC3

981.24

Evergreen
Formation

WC8

1043.70

Evergreen
Formation

Minor
changes
observed due to
corrosion of feldspar
and Fe-chlorite
Corrosion of feldspar
and Fe-chlorite

WC9

1056.10

Evergreen
Formation

Dissolution of calcite
cement

Slightly
greater
dissolution than in CO2brine

WC11

1165.44

WC14

1217.48

Precipice
Sandstone
Precipice
Sandstone

No
significant
changes observed
No
significant
changes observed

Indistinguishable
CO2-brine
Indistinguishable
CO2-brine

WC15

CO2-brine

O2-SO2-CO2-brine

Dissolution of calcite
cement

Indistinguishable
CO2-brine

Conclusions

from

Corrosion of feldspar and
Fe-chlorite
Greater corrosion than in
CO2-brine

from
from

Dissolution of calcite reactions occurred
most strongly on the edges of the subplug but the acid did dissolve some calcite
in the centre
Tight sample with low reactivity to CO2brine but increased reactivity in presence
of O2-SO2
Low reactivity with some creation of
secondary porosity
Dissolution reactions occurred most
strongly on the edges of the sub-plug but
the acid did dissolve some calcite in the
centre
Low to no reactivity
Low to no reactivity

5.2.9 SEM imaging and mineral mapping by automated quantified SEM-EDS after
reaction (steps 14-16)
All sub-plugs of samples after reaction from West Wandoan-1 well were polished at the same end
as in workflow step 4 which is as close as possible to a mirror-image of the plane investigated in
5.2.6 . The new polished sections were imaged by SEM to investigate textures and microporosity,
and mineral mapping was undertaken by automated, quantified SEM-EDS (QEMSCAN™).
The high resolution 2D SEM images have then been registered into the 3D pre- and post-reaction
tomograms to find the perfectly matching slice, while the mineral maps were registered to the
corresponding SEM images and then into the 3D tomograms too. This is shown in Figure 5-10 for
sample WC9a only. Comparative mineral assays, as area percentages of polished sections measured
by QEMSCAN of all sub-plugs before and after reaction can be found in Table 9 and 10 on pages 5557 in the final report (Milestone 5.7, Golab et al., 2015a) for sub project 5. A summary is shown
here in Figure 5-11. They show that


the Precipice Sandstone samples contain >95% quartz and no reactive minerals and thus
showed low reactivity to dissolved CO2
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the Evergreen Formation samples show a decrease in the content of reactive minerals such
as calcite, Fe-rich chlorite and Ca-plagioclase



the sample from the overlying Hutton Sandstone showed a decrease in calcite content

These results are consistent with the observations reported in Table 5-5 and Table 5-6.
WC9a_r Pre-reaction Tomogram

a)

Post-reaction tomogram

b)

SEM image mosaic after reaction

d)

Difference tomogram

c)

Mineral map after reaction

e)

Figure 5-10. Registered images of Evergreen Formation WC9a from (a) pre-reaction tomogram, (b) postreaction tomogram, (c) difference tomogram where darker grey indicates loss of material, d) mosaic of
SEM images after reaction, and (e) QEMSCAN™ mineral map after reaction (See Fig. 5-6 for the legend).
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Figure 5-11. Comparative mineral assays of investigated polished sections of the pre- (e.g. WC15a) and
post- (e.g. WC15a_r) reaction sub-plugs from QEMSCAN™.

5.2.10 Characterisation in 3D of changes due to CO2:brine rock interactions (steps
17-18)
Comparison of 3D:3D registered before and after reaction high-resolution tomogram images
allowed the investigation and quantification in 3D of changes due to loss (dissolution) or gain
(precipitation) of matter during the geochemical reaction. Figure 5-12 shows the difference
between pre- and post-reaction for all samples where pale grey indicates no change and darker
than background colour indicates loss of material and/or density due to reaction. Lighter than
background colour indicates gain of matter due to precipitation or movement (see WC8b in Figure
5-12, for example). Again, samples denoted with ‘a’ were reacted in CO2, ‘b’ samples with addition
of SO2 and O2).
The injection interval, Precipice Sandstone WC11 and WC14, samples showed generally low
reactivity to dissolved CO2 and co-injection of SO2 and O2 did not lead to visible differences
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compared to pure CO2 (no visible changes for either in the difference image of the high resolution
3D tomograms).
The sealing interval, Evergreen Formation, samples ranged from calcite cemented sandstone to
very fine sandstone with abundant clay. The Evergreen Formation samples had a variable response
to CO2, mainly controlled by mineralogy, with higher reactivity than the Precipice Sandstone:


The highly calcite-cemented lower Evergreen Formation sections (WC9) had high reactivity, with
dissolution of calcite cement.



The samples containing reactive silicates such as Fe-rich chlorite showed visible changes due to
damage to the structure of the chlorite by the acid (WC3).



Similarly, the samples containing Ca-plagioclase showed loss of material due to reaction with
the acid (e.g. WC8)



Enhanced dissolution, especially of silicates (e.g. chlorite and Ca-plagioclase), was observed
when SO2 and O2 were used with the CO2, (e.g. WC8b) except where significant calcite cement
dissolution buffered pH (e.g. WC9b).

WC15a

WC3a

WC8a

WC15b

WC3b

WC8b
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WC9a

WC9b

WC11a

WC14a

No visible changes except for some

No visible changes except for some

minor clay dislocation

minor clay dislocation

WC11b

WC14b

No visible changes except for some

No visible changes except for some

minor clay dislocation

minor clay dislocation

Figure 5-12. Difference images from high resolution 3D tomograms of pre- and post reaction samples of
Hutton Sandstone (WC15), Evergreen Formation (WC3, WC8, WC9), and Precipice Sandstone (WC11 and
WC14) after reaction with pure CO2 (sub samples a) and CO2 with SO2 and O2 (sub samples b). Pale grey
indicates no change, darker than background indicates loss of material and lighter than background
indicates gain of material

The overlying formation, Hutton Sandstone (WC15), was a calcite-cemented sandstone which was
selected to show the type of reactions that could occur, should CO2 ever reach that level. They
show partial dissolution of the calcite. At the same time, the laboratory and modelling work showed
precipitation of Ca-sulphate in the presence of impure CO2. This may fill porosity formed through
the dissolution of calcite over longer time periods as sulphates have higher molar volumes than
calcite.
With µCT imaging, dissolution was particularly pronounced on the exterior surface of the samples,
and within mineral cleavage planes and along grain surfaces in the calcite-cemented samples. In
some cases, µCT imaging was unable to resolve minor changes in mineralogy such as precipitation
of minerals due to the resolution of the images and the fine nature of the precipitates but also
because the precipitates mostly formed on the external surfaces and these were not considered in
the µCT study. Fluid chemistry and pre- and post- reaction SEM-EDS analyses indicated dissolution
of minor phases e.g., S- and P-bearing minerals and these were not detected by µCT, but in general
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the different techniques were in good agreement. Appendix D shows that dissolution of several
minerals was observed, including calcite, siderite ± ankerite, and chlorite/chlorite-smectite and, to a
lesser extent, plagioclase. Fe-rich chlorite changed in composition without a marked increase in
porosity, but this was detected in the µCT imaging due to the decrease in X-ray attenuation caused
by the reactions.
The study was performed in static batch reactors with a vastly greater volume of fluid compared to
volume of rock than would be found in situ underground. In that sense, the results of this study
should be considered as a most extreme reactivity scenario.

5.3 Conclusions
The Precipice Sandstone samples are clean quartz sands with minor contents of non-reactive clays.
These samples showed generally low reactivity to dissolved CO2, indicating the suitability of this
unit as a reservoir for CO2 storage. Co-injection of SO2 and O2 did not lead to visible differences
compared to pure CO2. The grain size and sorting differs between WC11 and WC14 (see Figure 5-2)
but these did not lead to differences in reactivity.
The Evergreen Formation had a variable response in reactivity to the lower pH, mainly controlled by
mineralogy, with higher reactivity than the Precipice Sandstone. The highly calcite-cemented lower
Evergreen sections had high reactivity, with dissolution of calcite cement. The samples containing
reactive silicates such as Fe-rich chlorite showed visible changes due to damage to the structure of
the chlorite by the lower pH. Similarly, the samples containing Ca-plagioclase showed loss of
material due to reaction with the lower pH. Enhanced dissolution, especially of silicates (e.g.
chlorite and Ca-plagioclase), was observed when SO2 and O2 were used with the CO2, except where
significant calcite cement dissolution buffered pH.
The overlying formation, Hutton Sandstone, sample was a calcite-cemented sandstone which was
selected to show the type of reactions that could occur, should CO2 ever reach that level. The
sample showed partial dissolution of calcite. The laboratory and modelling work reported in
Appendix D of the Milestone 5.7 report (Golab et al., 2015a) showed precipitation of Ca-sulphate in
the presence of impure CO2. This may fill porosity formed through the dissolution of calcite over
longer time periods as sulphates have higher molar volumes than calcite.
The study was performed in static batch reactors using a volume of fluid likely to be in general
vastly greater than the volume of rock than would be found in situ. In that sense, the results of this
study should be considered as an extreme reactivity scenario. The samples were placed in the batch
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reactors for a short amount of time compared to geological time but this was the length of time
available within the study period because the reactions were performed in series. Also the length of
time was tested in the Chinchilla-4 study (completed in Milestone report 5.4a; Golab et al., 2014b)
and found to be sufficient to show reactions and allow penetration of the saturating fluids into the
centre of the sub-plugs.
Coupling digital imaging with fluid analyses and geochemical modelling allows a detailed analysis of
the interactions during CO2-water-rock reactions. Using these data, an assessment can be made of
the impact of mineralogy, grainsize, porosity-permeability and lithological heterogeneity of the
targeted Surat Basin storage system on carbon geosequestration.
Limitations of each technique were encountered, validating the need for careful and thorough
sample analysis using multiple techniques. The experiment fluid chemistry, geochemical modelling,
and SEM-EDS conducted for the project resulted in semi-quantitative indications of changes to
mineralogy and porosity. QEMSCAN™ is a robust method for mapping and quantifying minerals in
the rock samples measured here, and for observing major dissolution or precipitation of minerals
during CO2 reaction. However, as adjacent sections of a sub-plug are analysed pre and postreaction, sample heterogeneity can mask minor changes through trace dissolution and
precipitation. Trace mineral phases were not resolved or identified and non-ideal mineral
compositions were not accounted for (e.g. Mn content of carbonates, Fe-Mg-chlorite or variable
“biotite” composition, etc.).
Whilst µCT can provide invaluable quantitative evaluation of changes to porosity and mineral
content when registered with QEMSCAN mineral map and high-resolution SEM image mosaics, it
cannot distinguish sub-resolution minerals, which results in high proportions of unidentifiable
material in fine-grained samples (Golab et al., 2014a). SEM observations and water chemistry
measurements coupled with geochemical modelling were important to determine trace mineral
content and changes through CO2 reaction.

5.4 Outcomes


Scoping scan imaging by µCT at the plug scale allows the investigation of heterogeneity of
grain size, sorting, and distribution of heavy minerals, pores, fractures, clay, cement, and
organic material. The scoping scan allows one to avoid extraordinary features and extract
more representative sub-plugs. Individual grains are not visible in the scoping scans of the
large diameter sections of the Hutton Sandstone or Evergreen Formation, however grains
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are evident in parts of the finer grained Precipice Sandstone sample WC11 and more so in
the coarser sample WC14. This is to be expected because the smallest feature that can be
detected in a tomogram with diameter 65mm is about 40µm in size.


3D Imaging of the samples at the sub-plug scale allowed the characterisation of pore-scale
features, main structural and textural features and the investigation of pore-filling material.
The images reveal that the sample of Hutton Sandstone, WC15, is a calcite cemented
sandstone with scattered organics, regions of pore filling clays and some secondary porosity
due to weathered framework grains. The images of the samples of Evergreen Formation
reveal three quite different cases ranging from interlaminated very fine sandy siltstone with
scattered organics (WC3) to a fine sandstone with abundant pore-filling material and
secondary porosity due to weathering of feldspars (WC8) to a calcite cemented sandstone
with some clay-rich bands and some porosity evident at grain boundaries and due to
weathering of feldspars (WC9). The images of Precipice Sandstone reveal two quite different
cases with s a fine to medium sorted sandstone with some clay but otherwise open porosity
(WC11) and a coarse grained sandstone with some clay but otherwise open porosity
(WC14).



Segmentation of the 3D tomograms into resolvable porosity and identifiable minerals has
been completed on ‘before’ reaction tomograms of all 12 sub-plugs from West Wandoan-1
well. Ideally, a well-separated multimodal distribution of X-ray attenuation coefficients
(grey-scale) gives an unambiguous phase assignment of the pore and various mineral phase
peaks. However, the porosity of samples of Hutton Sandstone (WC15) and Evergreen
Formation (WC3, WC8 and WC9) is mostly sub-resolution and cannot be calculated by this
technique because these samples contain a high proportion of pore-filling material. The subresolution porosity is associated with clays, weathered framework grains and diagenetic
cements. Therefore, samples of Hutton Sandstone (WC15) and Evergreen Formation (WC3,
WC8 and WC9) have been imaged after saturation with X-ray dense brine and registered to
the as-received state tomogram to create a map of porosity. This was performed to allow an
accurate understanding of the porosity in these tight samples.



SEM imaging and QEMSCAN mineral analysis allowed the characterisation of microporosity
and the characterisation and quantification of mineralogy. The high resolution scanning
electron microscope images reveal that samples of Evergreen Formation (WC8 and WC9)
are arkose sandstones but the stark difference between them is that WC9 is heavily calcite
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cemented. Conversely the remaining sample of Evergreen Formation (WC3) shows rapid
changes in grain size from clay/silt to sand sized grains and with those changes in grain size
differences in mineralogy are evident so that the finer grained sample WC3b has higher clay
content than the coarser grained sample. The sample of Hutton Sandstone is heavily
cemented with calcite while the Precipice Sandstone samples are clean quartz sandstones


After reaction, the sub-plugs were imaged by micro-CT as in section 5.2.4. The two
tomograms were registered into perfect geometric alignment and the images were
compared to understand the changes that occurred during the reactivity study. Some of the
samples broke in the reaction vessel along pre-existing micro-fractures (most notably WC3
in the sandy band which is clearly a zone of weakness and possibly a zone of heightened
reactivity to CO2). The calcite cement in Hutton Sandstone sample WC15 and Evergreen
Formation sample WC9 clearly reacted with the acids in both fluids.



The combination of 3D imaging, high resolution 2D BSEM imaging and 2D QEMSCAN mineral
analysis revealed crucial insights into the nature of the interactions between the rock and
fluids (CO2 with and without SO2 and O2). The Precipice Sandstone samples showed low
reactivity to dissolved CO2, as can be expected for a sandstone with >95% quartz content
and no reactive minerals. The Evergreen Formation contains a mixture of reactive and nonreactive minerals and as such the samples had a variable response to CO2. This was
confirmed by the use of QEMSCAN mineral analysis before and after reaction, which showed
decreases in the content of reactive minerals such as calcite, Fe-rich chlorite and Caplagioclase. Similarly, the sample from the overlying Hutton Sandstone showed a decrease
in calcite content.



Registration of the ‘before’ and ‘after’ reactivity 3D tomograms into perfect geometric
realignment allows the characterisation in 3D of changes due to loss or gain of matter during
the geochemical reactions. The Precipice Sandstone samples showed low reactivity to
dissolved CO2 with no visible changes except for some minor clay dislocation, indicating the
suitability of this unit as a reservoir for CO2 storage. The presence of SO2 and O2 did not lead
to visible differences, compared to pure CO2. The sealing interval (Evergreen Formation)
samples had a variable response to CO2, mainly controlled by mineralogy, with higher
reactivity than the Precipice Sandstone. The highly calcite-cemented lower Evergreen
Formation sections had high reactivity, with dissolution of calcite cement. The samples
containing reactive silicates such as Fe-rich chlorite showed visible changes due to damage
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to the structure of the chlorite by the acid. Similarly, the samples containing Ca-plagioclase
showed loss of material due to reaction with the acid. Enhanced dissolution, especially of
silicates (e.g. chlorite and Ca-plagioclase), was observed when SO2 and O2 were used with
the CO2. The overlying formation (Hutton Sandstone) sample showed partial dissolution of
the calcite.
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Chapter: 6 Integrate information obtained at laboratory scale to wireline
log data
6.1 Overview
In previous chapters both 3D Digital Core Analysis (DCA) and traditional Routine Core Analysis (RCA)
and Special Core Analysis (SCAL) have been discussed on a comprehensive suite of CO2 storage
reservoir and seal rock types from the Surat Basin at the cm scale. The results have illustrated the
ability for a digital pathway to obtain faster and more detailed analyses of core samples used to
assess potential CO2 storage sites. A significant remaining challenge remains to maximising the
value of digital core analysis for carbon sequestration assessment and to model the enormous
range of scales encountered in reservoir characterisation studies—spanning the pore space to the
field scale. In this, the final chapter we discuss initial strategies considered for upscaling data
obtained via DCA analysis at the small (cm) scales to plug, whole core and log scales. In this chapter
we focus on tools required for the development of methods to upscale digital core data from
pore/cm scale to whole core and log scale for both static and dynamic properties. This sub-project
identifies workflows which may link log measurement available from well data, whole core scanning
data available from an 8m section of the well and the choice of 16 plug samples from these whole
core scanned regions (Figure 6-1) and measurement of properties on sub-plugs within these 16
plugs.

Figure 6-1. Imaging of core material at various scales

The 16 plug samples chosen for Sub-project 6 offer an excellent and challenging data set to test and
develop workflows from pore to whole core and log scales. The samples exhibit a range of rock
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types – variable porosity, grain size, clay content (see Figure 6-2). Initial rock typing methods
indicate that the number of rock types within a single plug could be numerous – for example, in the
more complex laminated plugs in Figure 6-2 more than 5 distinct rock types can be observed.

Figure 6-2. Images of 4 of the 16 plugs from Sub-project 6.

Sub-project 6 used results from other sub-projects (discussed earlier) of the Surat CCS study as
input to this study. Particularly crucial to the Sub-project 6 work are results summarized at length in
Chapter 4 which includes the following observations:


Capillary trapping is a significant mechanism for CO2 storage in the Surat. Quasi static
models for displacement could therefore be used at the pore to plug scales.



Wettability is an important input to displacement. Subproject 4 has shown that CO2: Brine
contact angles on quartz of 20-40o were observed—typical of a water wet system. All
multiphase flow simulations were therefore undertaken assuming a low contact angle for
imbibition.



DRT results at the pore and lab scale in both Chapters 4 & 6 are consistent with laboratory
data and enable one to directly investigate potential uncertainties associated with
laboratory data at the pore scale (e.g., impact of wettability, initial water saturation,..).



The results illustrate the importance of rock heterogeneity at all scales from pore to the log.
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Given the scale differences required to be considered in the program—from micron to meters or 18
orders of magnitude in volume, the program was broken up into three individual research streams.
Each focussed on a unique discipline and/or scale — The first (section 6.2.1 is focussed on the
development of upscaling techniques for multiphase flow properties from pore scale to whole core,
the second (section 6.2.2) describes work on the integration of log and core data and the third
(section 6.2.3) focusses on textural/image based rock typing at the pore/plug scale6. In this
summary we outline the highlights of these three programs. Full descriptions of the results of each
program are given in the three appendices to the Milestone 6.4 report (Khor et al., 2015).

6.2 Methods and results
6.2.1 Upscaling properties from pore to whole core scales
One goal of sub-project 6 was the development of a multistep, multiphase upscaling technique for
pore to core scales based on imaging data. This program was originally being led by UNSW who
generated a review document on upscaling methods for relative permeability and multiphase flow
properties as the first deliverable. The focus was a review of methods which produce inputs to
conventional reservoir simulators like Eclipse which are the most commonly used in industry and
are the methods likely to be used by the stakeholders of ANLEC. Later discussion with the
Glenhaven team and internal observation showed that the conventional techniques do not capture
all relevant scales of heterogeneity and only give reliable results for a limited set of parameters
and flow scenarios. In particular if one is going to utilize the large number of data sets generated in
the laboratory, outcrop and geological data relevant to the Glenhaven project it is necessary to
account for heterogeneity information at all scales in association with appropriate flow dynamics.
This can lead to more accurate and relevant static models and simulation predictions. This caused a
change in focus for the group and this work was then primarily undertaken by a group at FEI Lithicon and closely followed a program on Upscaling under a new sub-project 7. The primary focus
moved to identify workflows which may enable one to upscale static and dynamic properties from
the (digital) laboratory scales to whole core scales as a first step in the upscaling process. The
following workflow was defined for sub-project 6 based on imaging at multiple scales:
1) Whole core scanning by medical CT;

6

The first and second projects directly fund research/developments being undertaken at UNSW and CSIRO. The third
project was undertaken currently via in-kind studies by personnel at Lithicon and ANU.
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2)
3)
4)
5)
6)

Scoping scan imaging in 3D by µCT of the plugs to investigate heterogeneity;
Selection of location and drilling of sub-plugs for pore-scale imaging;
Imaging of sub-plugs in 3D by µCT at the pore-scale;
Segmentation of tomograms into X-ray distinct components and quantification in 3D;
Calculation of petrophysical properties from the segmented files (for samples of the Precipice
Sandstone with connected porosity);
7) Rock typing; and
8) Upscaling.
The different images acquired in the methodology are schematically outlined in Figure 6-3—images
are acquired from right to left—from the largest scale to the smallest. Figure 6-4 outlines the
envisioned upscaling method—input parameters from smaller scales are used to characterize
microporous elements in the rock and then upscaled via registration into pore networks at larger
scales.

Figure 6-3. Length scales and volumes acquired in the upscaling imaging workflow
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Figure 6-4. Workflow based on identifying properties at each scale and using small scale data as input to
computed properties at larger scales.

The suite of sample images from the PU series (see Chapters 2 & 4) were acquired as per the
original program plan and registration of images at multiple scales was undertaken (see Figure 6-5).
Correlation of images between pore and plug was successfully undertaken while correlation to
whole core became problematic. Visual inspection of the images in Figure 6-5 immediately suggests
an issue with the integration of whole core images to the plug and sub plug data. The resolution of
the whole core is 2mm along the plug—a factor 100 x coarser than the plug images. Quantitative
correlation of image data between whole core and plug is not possible.
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Figure 6-5. Example of registration of images acquired at multiple scales on the same volume of rock from
sample PU4. From right to left the sub-plug image, the plug and the whole core image.

Work correlating sub plug to plug data was successful as the image resolutions are similar. Rock
type maps for seven of the plugs samples were normalized to enable one to correlate rock types
across the different images and the set of samples was clustered into eight rock types. An example
of the rock type map at the plug and the sub-plug scale is shown for Sample PU11 in Figure 6-6.
The rock type maps from the plug images are then directly mapped to the sub-plugs. Permeability
was computed on the sub-plug images of the samples and a plot of porosity against permeability of
all of this data which has been defined by the (colourized) rock types. The permeability was then
predicted through the plugs using the predicted plug porosities, rock types and the power law fits
for each rock type.
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a)

b)

c)

d)

a)

a)

a)

)
a)

)
a)

)
a)

Figure 6-6. Slice from a tomographic image of PU11. (a) shows the plug scale data, in (b) the colourized
regions define the rock typing from seven plugs (including this sample). The lower left part of the sample in
(b) was chosen as a sub-plug and imaged in (c). (d) shows the rock typing undertaken at the plug scale and
used to populate the property maps. The data is sometimes smaller than an REV and this can lead to high
scatter in the predicted data (see Fig. 6-7).
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Figure 6-7. Porosity permeability trends for different rock types from image data—colours correspond to
different rock type regions in Fig. 6.6 and each coloured line shows the best fit through the data points.
The black curve shows the poro:perm trend for all data combined.

This upscaling process was applied on each plug to upscale permeability both parallel and
perpendicular to the laminations. The effective horizontal permeability for sample PU-11 is 1500
mD while vertical permeability along the plug is 195mD. The strong anisotropy in the permeability is
not unexpected given the strongly laminated samples. These results show the potential problem
with acquiring traditional laboratory data in plugs from laminated sands – the choice of plug regions
used for laboratory do not capture the heterogeneity nor the anisotropy in properties. Upscaling of
the SCAL properties was not undertaken from pore to plug at this time. A steady-state multiphase
upscaling routine is available for this analysis, but the current improved rock typing data shown in
Figure 6-6 undertaken as part of a new subproject 7 was not available until early 2016 and did not
enable the project to undertake the full SCAL upscaling with the rock typing in the timetable of this
program. It is hoped that this will be undertaken in future work.

6.2.2 Integration of core and log data
The reliability of predictions from numerical simulations of fluid flow in reservoirs depends on the
ability to populate a computational model of the reservoir with rock properties at the grid-block
scale, which may be tens of metres or more, using rock properties measured or calculated at much
smaller scales such as the plug or whole core scale. Uncertainty introduced during this process
results in uncertainty in simulation results, reducing the robustness of numerical predictions. In
order to minimise this uncertainty, reliable and robust techniques for propagating rock properties
through to the simulation grid-block scale are necessary.
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Traditional regression analysis of the wireline log data for the West Wandoan 1 well and
subsequent development of a permeability model of the Precipice Sandstone was shown in the
Milestone 6.4 report (Khor et al., 2015) to lead to spurious predictions at the log-scale, as
evidenced by the extreme permeability values calculated in several locations. The uncertainty in
this approach is primarily due to the small number of single property values that can be measured
on core samples, and the lack of reliable methods to propagate these rock properties to larger
scales.
To reduce the uncertainty in integrating rock properties from the whole-core scale to the log scale,
a workflow for a consistent, unbiased approach for propagating rock properties was developed.
Using a multi-scale segmentation algorithm, a coarse-scale description of the rock types based on
low-resolution wireline log data was calculated. At this scale, however, the heterogeneities
observed at the whole-core data were not able to be resolved using the traditional wireline log
data, as the vertical resolution was insufficient to capture the fine-scale heterogeneity in the wholecore CT data.
In order to upscale rock properties at the whole-core scale up to the coarse, log-derived rock types,
high-resolution Compact micro imager (CMI) conductance log data was used as an intermediate
data source to bridge the disconnect in length scales between the whole-core CT data and the lowresolution wireline log data. Figure 6-8 (i) presents the CMI data shown in the traditional image
form for all pads for a (nearly) 1m section of the reservoir corresponding to the location of the
whole-core CT sample CT1. It is clear that the high-resolution of the CMI log tool can identify rocks
with different electrical properties at this scale. In order to use the CMI data in an unbiased fashion
(without the need for visual inspection of the data), the data obtained by the CMI tool was
horizontally averaged to provide a single, continuous conductance trace along the entire well. An
example of this is presented in Figure 6-8 (ii), where the horizontally-averaged CMI data is
overlayed on a vertical section of the whole-core CT data. Using this data, the multi-scale
segmentation algorithm was applied to identify boundaries at the whole-core scale. The results of
this process are presented in Figure 6-8 (iii), where good agreement between the boundaries of
rock types identified using the CMI data and boundaries that can be located visually using the
whole-core CT data is observed. Importantly, these results demonstrate that the CMI data can be
used to identify rock boundaries (and therefore rock types) at the whole-core scale, in stark
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contrast to traditional wireline log data, where the vertical resolution is not sufficient to identify
rock types at the whole-core scale.

Figure 6-8. (i) Raw CMI conductance image data corresponding to whole-core CT1 (depth 1195.29 mRT to
1196.24 mRT); (ii) Averaged CMI conductance overlayed on whole-core CT slice; (iii) Segmented CMI
conductance

The CMI data can be segmented at a scale comparable to the whole-core scale along the entire
length of the well, providing a continuous representation of the reservoir rock types at the wholecore scale. Rock properties propagated to this whole-core scale from the pore or plug scale at
certain locations can then be correlated to the continuous CMI data at a similar scale to provide a
continuous data source at the whole-core scale.
Importantly, the multi-scale segmentation algorithm that was used to refine the CMI data from the
original coarse-scale description of the reservoir to the whole-core scale has the property that no
boundaries at a coarse scale are destroyed during refinement. The consequence of this is that each
fine-scale segment belongs to only a single coarse-scale segment. The rock types at the whole core
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scale can then be upscaled to the coarse-scale description of the reservoir in an intuitive manner
using appropriate upscaling methods depending on the properties to be coarsened.
This workflow was applied to a synthetic permeability example in lieu of high-quality rock property
data at the whole-core scale, where this systematic approach was shown to preserve the
heterogeneity in permeability in contrast to simply upscaling directly from the limited whole-core
data to the coarse-scale representation of the reservoir.

6.2.3 Mapping permeability in low resolution micro-CT images: A multi-scale
statistical approach
Section 6.2.1 has shown that quantitative correlation of image data between traditional whole core
images (acquired at 1mm resolution) and plug acquired data (16 micron) is poor. It is also clear that
one cannot directly acquire whole core samples at pore scale resolutions as the data files acquired
would be of the order of 200 Terabytes per meter of whole core. An important question to ask is
how low in resolution can one go before images start to become inadequate to upscaling? This was
addressed in a PhD project at ANU.
DRT results can be consistent with laboratory and log data and enable one to directly investigate
the possibility of computing permeability from relatively low-resolution x-ray micro-computed
tomography (µCT). Lower resolution images give greater sample coverage and are therefore more
representative of heterogeneous systems; however, the lower resolution causes connecting pore
throats to be represented by intermediate gray scale values and limits information on pore system
geometry, rendering such images inadequate for direct permeability simulation. Here we present
an imaging and computation workflow aimed at predicting absolute permeability for sample
volumes that are too large to allow direct computation. The workflow involves computing
permeability from high-resolution µCT images, along with a series of rock characteristics (notably
open pore fraction, pore size and formation factor) from spatially registered low-resolution images.
Multiple linear regression models correlating permeability to the rock characteristics provide a
means of predicting and mapping permeability variations in larger scale low-resolution images.
Results show excellent agreement between permeability predictions made from 16 and 64
µm/voxel images of a 25 mm diameter 80 mm tall core sample of heterogeneous sandstone for
which 5µm/voxel resolution is required to compute permeability directly. The statistical model used
at the lowest resolution of 64 µm/voxel includes open pore fraction and formation factor as
predictor characteristics. Although binarized images at this resolution do not completely capture
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the pore system, we infer that these characteristics implicitly contain information about the critical
fluid flow pathways. 3D permeability mapping in larger scale lower resolution images by means of
statistical predictions offer good agreement with predictions at high resolution (Figure 6-9) and this
lays the groundwork for permeability upscaling and the computation of effective permeability at
the core scale. The full paper and workflow describing this analysis are available in Appendix C of
the Milestone 6.4 report (Khor et al., 2015).

Figure 6-9. The simulated permeability from the 5µm/voxel image plotted against the predicted
permeability from the 16µm/voxel image (a) and the 61µm/voxel image (b). Comparing the predicted
permeability for the 8mm sub-plug (c) and the 25mm core plug (d) at different resolutions.
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6.3 Discussion and outcomes
Sub-project (6) was focused on the development of methods to upscale digital core data from
pore/cm scale to whole core and log scale for both static and dynamic properties. This overall
program offers a large data set and enables one to develop and test a multiscale workflow via
access to log measurement data, whole core scanning of limited sections of the well, the choice of
16 plug samples from these whole core scanned regions and measurement of properties on subplugs within these 16 plugs. This offered a unique opportunity to illustrate an ability to maximize
the value of digital core analysis for carbon sequestration assessment and to model the enormous
range of scales encountered in reservoir characterisation studies—spanning from the pore space
(microns) to logs (meters).
The imaging at multiple scales has revealed the heterogeneity that exists in the Precipice Sandstone
at every scale. Porosity, permeability, and formation resistivity factors have been calculated on subplug images of all samples from the PU series. The images acquired have been registered between
scales. Initial results from a morphology based rock typing have been presented and upscaling to
plug scales are shown. Upscaling to whole core scales remains problematic due to limited image
resolution. The overall aim of this branch of the program was to integrate pore scale derived
properties from the results of Chapter 4 to larger (plug/core) scales. The results of this program
have shown that via 3D imaging one can classify, select and evaluate properties at the small plug
scales and propagate and upscale the predictions to the plug scale. This method would be directly
extended if we had access to quality image data at whole core scales. This has been shown to be
technically feasible and given the need for data at larger scales is an important area for future R&D
work.

The specific outcomes included:


The results from this program coupled with Chapter 4 shows that DRT results can be
consistent with laboratory and log data and enable one to directly investigate potential
data uncertainty based on integration with whole core, outcrop descriptions, sedimentary
features and log data (e.g., investigate the role of different lamina -- parallel and cross
beds).



The workflow undertaken at discrete pore to whole core and whole core to log scales has
identified gaps which remain in a continuous and integrated workflow.
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impediments to developing a mature whole core to log scale workflow are associated with
the ability to robustly identify rock types and upscale data from the plug scale to the whole
core and the need for improved direct calibration of the log response to whole core scale
properties. The first step requires accurate classification, selection and propagation of
available 3D data at all scales—the second can be improved by creating detailed 3D near
wellbore models (meter cubed scales) representing the laminations and other geological
features observed at the centimetre scale.


If one is going to utilize the large number of data sets generated in the laboratory, outcrop
and geological data relevant to the Glenhaven project it is necessary to account for
heterogeneity information at all scales in association with appropriate flow dynamics. This
can lead to more accurate and relevant inputs to static models and improved simulation
predictions. The aim of the project was the integration of pore to core data and core to log
data. Current methods for acquiring whole core data do not enable one to bridge data from
plugs scales to log scales. Improved whole core scanning which is shown to be technically
feasible in very recent work would offer an appropriate bridge across these scales.

6.4 Suggested future directions
Four areas were specifically identified in the context of the Surat CCS Demo:


Need for improved whole core scanning: An original aim of the upscaled program was to
further ‘extrapolate’ both basic (static) and saturation-dependent (dynamic) petrophysical
properties evaluated at the plug scale to the whole core scale. As discussed above an
accurate upscaling step requires accurate classification, selection and propagation before
one can robustly populate properties at the larger scales. The image quality variation
between the traditional whole core data and the plug scale is evident—the voxel resolution
difference is 15 microns versus 2 mm—a factor >100 in scale and >1,000,000 in volume. The
poor quality of these images clearly limits any ability to robustly classify and propagate data
and therefore does not allow one to accurately predict petrophysical and SCAL properties at
that scale. In very recent work we have tested improved whole core CT methods (Sheppard,
unpublished) to robustly identify the sedimentary features and dimensions from the West
Wandoan 1 Precipice Sandstone core material and map these back to plug static and
dynamic data. An example of the difference in image quality is shown in Figure 6-10. Clearly
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the image quality one can achieve at the whole core scale can be used in a robust whole
core upscaling procedure. This is part of the subject of a forward program proposal sent to
ANLEC.

Figure 6-10. Comparison of Whole core image acquired from Wandoan core at 30 micron resolution to a
region acquired via conventional whole core (300 microns in plane and 1mm vertical resolution).



Need for improved reservoir description at multiple scales. The original project had access to
log data, limited whole core results and a large volume of both traditional laboratory and
pore scale digital core results. Results of the program have illustrated the need for robust
identification and characterization of important sedimentary features at all scales and via
tools not envisioned in the original program. In particular, while data are available at many
scales there remains a need to account for the relative importance of internal sedimentary
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features versus bounding fluid layers (e.g., clay layers) within facies that have not been
modelled as individual geo-cell scales.

A continued focus should include robust

identification and characterization of important sedimentary features via improved
characterization along continuous lengths of core (whole core described above) coupled
with the development of lithofacies models. This work may be supplemented by additional
plug scale analysis across intra and bounding clay layers. We also suggest improving the
current workflow by creating detailed 3D near wellbore models (~1-5 meter areally and
~0.5-2 meters vertically), representing the laminations and other geological features
observed at the centimeter scale. The near wellbore model fills the gap of a missing
“intermediate scale” and aims at being representative of the electrotypes. The geological
description, the interpretation of the CMI data, and the rocktyping of the whole core images
can then be used together to constrain the 3D near wellbore geological model (lamination
types, size, erosional contacts etc.). The static and dynamic properties of the laminations are
known from the Digital Rock Analysis performed on the core samples and can be upscaled
via future improved rocktyping at the whole core scale. Properties can then be assigned to
the corresponding regions of the near wellbore model. These properties are not only
porosity and permeability, but also the formation factor and NMR relaxation.


Need for improved static modelling at multiple scales: The geological structures encountered
in the Surat CCS program exhibit heterogeneity at a range of scales and these structures can
have a profound impact on fluid flow and trapping capacity. The use of a uniform grid to
simulate flow on geological materials at all scales, as is currently done with industry
standard modelling and simulation tools, is a severe restriction in the Surat CCS system. We
would recommend use of grids that accurately follow the spatial structure of the geology.
This is particularly recommended given the results of the detailed outcrop work being
undertaken in a complementary ANLEC sponsored program.



Capture static and multiphase properties at all scales on complex grids: Here we recommend
modification of the complex near wellbore model geometry (size and spatial distribution of
the lamina) and calibration of the lithofacies model to static log responses (Porosity, Vshale,
density). On completion of this one could use calibrated structural models and upscaling
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methods to predict multiphase flow properties on the heterogeneous grids. Therefore
relative permeability and Pc curves can be obtained per electrotype.
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